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Abstract
Driven by the significant consumer demand for reliable and high data rate communications,
the future-generation cellular systems are expected to employ cutting-edge techniques to
improve the service provisioning at substantially reduced costs. Cooperative relaying is one
of the primary techniques due to its ability to improve the spectrum utilization by taking
advantage of the broadcast nature of wireless signals. This dissertation studies the physical
layer cooperative relaying technique and resource allocation schemes in the cooperative
cellular networks to improve the spectrum and energy efficiency from the perspectives of
downlink transmission, uplink transmission and device-to-device transmission, respectively.
For the downlink transmission, we consider an LTE-Advanced cooperative cellular net-
work with the deployment of Type II in-band decode-and-forward relay stations (RSs) to
enhance the cell-edge throughput and to extend the coverage area. This type of relays
can better exploit the broadcast nature of wireless signals while improving the utilization
of existing allocated spectral resources. For such a network, we propose joint orthogonal
frequency division multiplexing (OFDM) subcarrier and power allocation schemes to op-
timize the downlink multi-user transmission efficiency. Firstly, an optimal power dividing
method between eNB and RS is proposed to maximize the achievable rate on each subcar-
rier. Based on this result, we show that the optimal joint resource allocation scheme for
maximizing the overall throughput is to allocate each subcarrier to the user with the best
channel quality and to distribute power in a water-filling manner. Since the users’ Qual-
ity of Service (QoS) provision is one of the major design objectives in cellular networks,
we further formulate a lexicographical optimization problem to maximize the minimum
rate of all users while improving the overall throughput. A sufficient condition for opti-
mality is derived. Due to the complexity of searching for the optimal solution, we then
propose an efficient, low-complexity suboptimal joint resource allocation algorithm, which
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outperforms the existing suboptimal algorithms that simplify the joint design into separate
allocation. Both theoretical and numerical analyses demonstrate that our proposed scheme
can drastically improve the fairness as well as the overall throughput.
As the physical layer uplink transmission technology for LTE-Advanced cellular network
is based on single carrier frequency division multiple access (SC-FDMA) with frequency
domain equalization (FDE), this dissertation further studies the uplink achievable rate and
power allocation to improve the uplink spectrum efficiency in the cellular network. Different
from the downlink OFDM system, signals on all subcarriers in the SC-FDMA system are
transmitted sequentially rather than in parallel, thus the user’s achievable rate is not simply
the summation of the rates on all allocated subcarriers. Moreover, each user equipment
(UE) has its own transmission power constraint instead of a total power constraint at the
base station in the downlink case. Therefore, the uplink resource allocation problem in
the LTE-Advanced system is more challenging. To this end, we first derive the achievable
rates of the SC-FDMA system with two commonly-used FDE techniques, zero-forcing (ZF)
equalization and minimum mean square error (MMSE) equalization, based on the joint
superposition coding for cooperative relaying. We then propose optimal power allocation
schemes among subcarriers at both UE and RS to maximize the overall throughput of
the system. Theoretical analysis and numerical results are provided to demonstrate a
significant gain in the system throughput by our proposed power allocation schemes.
Besides the physical layer technology, the trend of improving energy efficiency in future
cellular networks also motivates the network operators to continuously bring improvements
in the entire network infrastructure. Such techniques include efficient base station (BS)
redesign, opportunistic transmission such as device-to-device and cognitive radio commu-
nications. In the third part of this dissertation, we explore the potentials of employing
cooperative relaying in a green device-to-device communication underlaying cellular net-
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work to improve the energy efficiency and spectrum utilization of the system. As the green
base station is powered by sustainable energy, the design objective is to enhance both
sustainability and efficiency of the device-to-device communication. Specifically, we first
propose optimal power adaptation schemes to maximize the network spectrum efficiency
under two practical power constraints. We then take the dynamics of the charging and
discharging processes of the energy buffer at the BS into consideration to ensure the net-
work sustainability. To this end, the energy buffer is modeled as a G/D/1 queue where
the input energy has a general distribution. Power allocation schemes are proposed based
on the statistics of the energy buffer to further enhance the network efficiency and sustain-
ability. Theoretical analysis and numerical results are presented to demonstrate that our
proposed power allocation schemes can improve the network throughput while maintaining
the network sustainability at a certain level.
Our analyses developed in this dissertation indicate that the cooperative transmis-
sion based on cooperative relaying can significantly improve the spectrum efficiency and
energy efficiency of the cellular network for downlink transmission, uplink transmission
and device-to-device communication. Our proposed cooperative relaying technique and
resource allocation schemes can provide efficient solutions to practical design and opti-
mization of future-generation cellular networks.
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Chapter 1
Introduction
The past several decades have witnessed enormous evolutions of communication systems,
especially wireless communications. Due to the emerging technologies and improving QoS
requirement, future-generation wireless communication systems are expected to meet even
more challenging demands of high data rate and reliable multimedia communications.
Thus, to develop a cost-effective network, employing state-of-the-art technical advances
provides a practical yet efficient way to improve the network performance and QoS pro-
visioning. In this chapter, an overview of next-generation cellular networks and some key
innovative technologies are provided.
1.1 Future-Generation Cellular Systems
Third-generation (3G) wireless systems have now been deployed on a broad scale all over
the world to provide high-speed downlink (DL) transmission and enhanced uplink (UL)
transmission. However, user and operator requirements and expectations are continuously
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evolving which forces the Third Generation Partnership Project (3GPP) to propose new
air interface in order to ensure 3G’s competitiveness in a long term. As a consequence,
3GPP has launched the Long-Term Evolution (LTE) standard of 3G for wireless high-
speed data communication for mobile phones and data terminals at substantially reduced
cost compared with current radio access technologies [1–3]. The primary goal of LTE
is to increase the capacity and speed of wireless data networks using new digital signal
processing (DSP) techniques and modulations.
Some of the targets and requirements for LTE standard include [4]:
• Peak data rates up to 100 Mbps for the downlink and 50 Mbps for the uplink.
• Average user throughput improved by factors 2 and 3 for uplink and downlink, re-
spectively.
• Cell-edge user throughput improved by a factor 2 for uplink and downlink.
• Improved spectrum efficiency, targeting and improvement on the order of a factor of
3.
• Significantly reduced control and user plane latency.
• Reduced cost for operators and end users.
• Spectrum flexibility, enabling deployment in many different spectrum allocations.
In order to meet the above requirements, LTE Release 8 specifies that orthogonal
frequency division multiplexing (OFDM) is the DL transmission scheme, and single-carrier
frequency division multiple access (SC-FDMA) is the UL multiple access scheme. Besides,
flexible bandwidth up to 20 MHz for each subchannel is allowed and a 15 kHz separation
between two subcarriers should be guaranteed.
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Currently, further enhancements are being studied to provide even more improve-
ments to LTE Release 8 to meet or exceed the International Mobile Telecommunications-
Advanced (IMT-A) requirements. These requirements facilitate future IMT-A systems to
support peak data rates of 100 Mb/s and 1 Gb/s, respectively, in high-speed mobility envi-
ronments (up to 350 km/h) and stationary and pedestrian environments (up to 10 km/h).
The transmission bandwidth of IMT-A systems should be scalable and can change from
20 to 100 MHz, with downlink and uplink spectrum efficiencies in the ranges of [1.1, 15
b/s/Hz] and [0.7, 6.75 b/s/Hz], respectively.
To address the requirements and challenges of IMT-Advanced systems, 3GPP started
its LTE-Advanced (also known as LTE Release 10) standardization process in 2009 as a
major improvement of the LTE standard. LTE-Advanced targets at enhancing the exist-
ing LTE Release 8 standard and supporting much higher peak rates, higher throughput
and coverage, and lower latencies, resulting in a better user experience. LTE-Advanced
networks consider a series of new transmission technologies including carrier aggregation,
advanced uplink and downlink spatial multiplexing, DL coordinated multipoint (CoMP)
transmission, and heterogeneous networks with special emphasis on Type I and Type II
relays [5–7].
1.2 Relays in 3GPP LTE-Advanced Systems
Cell edge performance is becoming increasingly important in future-generation cellular
networks as cellular systems are provisioned to achieve almost-ubiquitous very high data
rate coverage [8]. To this end, the deployment of relays is expected to be a cost-effective
solution to extend the signal and service coverage and to enhance the overall throughput
performance [9–12].
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An LTE-Advanced relay is a device that can replicate signals and forward traffic between
its two wireless interfaces under the LTE-Advanced air interface specification. In each
macrocell, one or several relay stations (RSs) are deployed to help forward user information
between neighboring user equipment (UE)/mobile station (MS) and the local evolutional
NodeB (eNB)/base station (BS). The advantages of introducing relays in LTE-Advanced
systems include:
• Achieving higher network throughput
Cooperative communication with the help of relays can significantly improve the
network throughput by taking advantage of the broadcast nature of wireless chan-
nels. The cooperative diversity can be achieved through sending multiple copies of
a message. At the destination, instead of treating these signals as interference, the
destination can combine and jointly decode the signals to achieve the diversity gain.
• Improving network reliability
In the wireless environment, all signals suffer from attenuation and fading. In the
traditional point-to-point cellular network, if the fading channel is severely degraded
or blocked, the receiver is not able to decode the transmitted information, therefore
continuous communication cannot be guaranteed. By transmitting various fading
versions of a message, cooperative communication is an effective method to combat
deep fading and make the network more reliable.
• Achieving larger coverage
In the conventional centralized cellular network, the wireless coverage area of a base
station is usually fixed due to the limitation of the available transmitting power at the
base station. However, with cooperative relaying, a UE that is out of the traditional
coverage area can thus be reached by means of multi-hoping.
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• More efficient usage of energy resources
In the wireless environment, signal strength attenuates with transmission distance.
If the destination is relatively far away from the source, high transmitting power
is required at the source for reliable transmission, which is difficult to realize in
practical networks. With several intermediate nodes cooperating to transmit the
message, a long-distance transmission breaks down to several shorter-range trans-
missions. Therefore, the energy resources can be utilized more efficiently, especially
for the communications between spatially dispersed nodes.
There two types of relays being discussed in the context of 3GPP standards, Type I
and Type II relays. A Type I relay creates its own physical cell and will be distinct from
the primary base station cell. The UEs within the relay’s cell range would receive and send
reference signal and control messages directly from and to the relay. Therefore, the relay
station appears as a Release 8 eNB to all UEs in its range. Typically, a Type I relay is
employed to help a remote UE, which is located far away from an eNB, to access the eNB.
Type I RSs mainly perform IP packet forwarding in the network layer (layer 3), and its
main objective is to extend signal and service coverage. Type I relays are half-duplex, and
are unable to transmit to the UEs and receive from the donor eNB simultaneously.
On the other hand, a Type II relay is a full-duplex relay which does not create a
new cell. Type II RSs can help a local UE, which is located within the coverage of an
eNB and has a direct communication link with the eNB, to improve its service quality
and link capacity. So a Type II RS does not transmit the common reference signal or
the control information, and it is transparent to all UEs within its coverage area and the
UEs are not aware of its existence. Its main objective is to increase the overall system
capacity by achieving multipath diversity and transmission gains for local UEs. With
spatial separation, filtering, or enhanced interference cancellation, the full-duplex relays
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require no specific resource partitioning [13].
The relays are connected to the radio access network (RAN) via a donor macrocell.
Two types of backhaul connections are supported in LTE-Advanced: in-band (IB), where
the eNB-relay link shares the same frequency bands with the direct eNB-UE transmission
links within a cell, and out-of-band (OOB), where the eNB-relay link does not transmit in
the same eNB-UE frequency bands.
In this dissertation, we focus on the in-band Type II relays since this type of relays can
achieve cooperative transmission by exploiting the broadcast nature of wireless signals and
improve the utilization of the existing allocated spectral resources.
1.2.1 Cooperative Relaying and Multi-hop Relaying
The benefits of cooperative communications with the help of relays have led to extensive
research on relaying and forwarding. On whether the intermediate RSs cooperatively
transmit with the source or not, two relaying schemes exist, i.e., cooperative relaying and
multi-hop relaying.
Multi-hop relaying has originally been studied in the context of wireless ad hoc networks
as a method to enable the network operation without the need of installing any fixed
infrastructure. In recent years, the application of multi-hop transmission in centralized
networks such as cellular networks and wireless local area networks (WLAN) has also
drawn an upsurge of interest. A multi-hop transmission means that the communication
between the source and the destination is carried out in multiple hops. At each hop,
the RS receives the message from the immediate preceding node and broadcasts it to the
downstream nodes within its transmission range. In this way, the destination can be found
and the message can be forwarded successfully.
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Multi-hop relaying has the same feature of cooperative relaying in the sense that they
both break down a long-range transmission into several shorter-range transmissions by
intermediate nodes functioning as relays. However, multi-hop relaying has fundamental
differences from cooperative relaying.
In wireless environment, the destination node is capable of hearing all signals from the
source and the relay nodes. For multi-hop relaying, the destination will only decode the
signal from its immediate preceding node and treat all other signals as interference. To
avoid the throughput decrease caused by high interference, in practical networks, extra
radio bands or extra time periods are often required for intermediate nodes, which will
cause more resource usage.
Essentially, all these signals carry the same information. A cooperative relay channel
corresponds to the case where each intermediate relay node reconstructs and forwards
the message based on signals received from all preceding nodes. It is obvious that the
cooperative relaying can achieve higher spatial diversity compared with multi-hop relaying,
because the former exploits the broadcast nature of wireless networks and utilizes the
signals from all previous terminals.
1.2.2 Cooperative Protocols
The cooperative protocols can be categorized into three general classes: Amplify-and-
Forward (AF), Decode-and-Forward (DF) and Compress-and-Forward (CF).
• Amplify-and-Forward (AF)
AF relays simply amplify the received signals and transmits to the next hop. Besides
the desired signal, it also amplifies and propagates the interference and noise from
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the source-relay link. As the relay does not decode the message, the transmitted
signal would cause interference to its own receiver as well. Therefore, extra resources
such as frequency bands or time slots are needed at the AF relay for orthogonal
transmission. The advantages of the AF relays include that AF relays have low costs
and they are easier to implement.
• Decode-and-Forward (DF)
If the relay node has the decoding capability, the received signal would first be de-
coded, then the relay node re-encodes and transmits to the next hop. With the DF
protocol, noise can be completely eliminated, so the source and the relay are able
to transmit in the same frequency band (channel) to improve the spectral efficiency.
However, the coding/decoding processes for cooperation are usually needed which
would increase the implementation cost.
• Compress-and-Forward (CF)
The CF relays compress the received signal and transmit the compressed version
to the next hop. Since the noise and interference from the previous hop cannot
be avoided, CF is sometimes categorized with the AF strategy. The CF scheme is
especially suitable for the situation where the channel between the source and the
relay is worse than that between the source and the destination.
Unfortunately, there is no strategy that is always superior to others. Whether AF or
DF can achieve higher rate depends on many factors including the network topology, the
channel conditions, etc.
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1.3 Motivation, Objectives and Contributions
Due to the ever growing user and operator requirement, improving the spectrum efficiency
has always been a fundamental issue in cellular networks. Resource allocation is an efficient
and effective method to improve the users’ QoS by overcoming the limited availability of
frequency spectrum, the total transmission power and the fading nature of the wireless
channels. Traditionally, resource allocation has been studied broadly in various wireless
networks to improve the utilization of existing allocated resources. However, considering
the physical layer techniques and the unique features of cooperative relaying, resource
allocation in future-generation cellular networks faces new challenges.
• Instead of simply amplifying and forwarding the received signal as a repeater, relays
are expected to have more coding capability to achieve higher data rates in cellular
networks. The resource scheduler in future-generation cellular networks with the
deployment of relay stations needs to take into account the cooperative coding of the
relay channel and redesign the resource allocation schemes accordingly.
• For broadband cellular network, the wireless channel encounters frequency-selective
multipath fading, which leads to severe intersymbol interference (ISI) both in time
and frequency impacting the service quality and data rates. To solve this issue,
OFDM and SC-FDMA have been specified as the physical layer techniques to combat
the ISI in LTE networks for downlink and uplink transmissions, respectively. OFDM
and SC-FDMA are multicarrier transmission schemes where the broadband channel
is divided into N narrowband orthogonal subchannels each operating at different
subcarriers. The subcarriers can be dynamically allocated to users to exploit both
multi-user diversity and frequency diversity at a finer granularity. Thus, subcarrier
allocation has to be jointly considered with traditional power allocation to improve
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the spectrum efficiency in the new context.
• Future-generation cellular networks envision ubiquitous mobile broadband access
among all subscribed users. However, due to the attenuation of the received signal
strength and the increase of interference from other eNBs or UEs, low signal-to-noise-
ratio (SNR) at cell edge is expected. As a consequence, the QoS experienced by users
at the cell edge could be severely degraded. Therefore, user fairness is also a signifi-
cant performance metric for mobile users, besides the throughput improvement, for
the resource allocation schemes.
• As several state-of-the-art physical layer technologies are employed in cellular net-
works to improve the spectrum efficiency, the resource allocation designed for one
system cannot be applied directly to other systems since power and subcarrier re-
quirements are usually different. For example, downlink OFDM system has a total
power constraint and subcarriers can be dynamically assigned among users; however,
uplink SC-FDMA system has individual power constraint and adjacent subcarrier
requirement. As a result, the resource allocation schemes need to be adaptively
designed to meet the specific requirements in different systems.
These fundamental challenges pose great difficulties for future-generation cellular net-
work designers, and thus motivate us to propose new resource allocation schemes. There-
fore, the objective of this dissertation is to incorporate the physical layer cooperative re-
laying technique in the cellular network and design separate resource allocation to improve
the spectrum and energy efficiency.
The first part of this dissertation studies the adaptive joint subcarrier and power al-
location for downlink LTE-Advanced relay systems. We focus on the in-band Type II
full-duplex relay stations with decode-and-forward strategy, since this type of relays can
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better exploit the broadcast nature of wireless signals while improving the utilization of ex-
isting allocated spectral resources. As OFDM divides the frequency band into orthogonal
narrowband subchannels operating on different subcarriers, each subchannel can be viewed
as a conventional relay channel where the eNB and the RS cooperate to transmit to the
UE (destination). We first investigate the power allocation on each subcarrier and propose
optimal power dividing schemes between the eNB and RS to maximize the relay channel’s
achievable rate. With the optimal power dividing schemes on each subcarrier, we then
jointly allocate subcarrier and power in the multi-user OFDM network. In LTE-Advanced
cellular networks, as the eNB needs to perform resource allocation in a rapidly changing
environment, efficient joint resource allocation schemes with low computational cost are
preferred, especially for cost-effective and delay-sensitive implementations. In this part, we
first come up with an optimal joint subchannel and power allocation scheme to maximize
the overall throughput. Then, user fairness is taken into consideration. A lexicographical
optimization problem is formulated to guarantee the max-min fairness while improving the
transmission efficiency and a sufficient condition of the optimal solution is provided. Due
to the complexity of finding the optimal solution, we propose an efficient two-step joint
resource allocation suboptimal algorithm with low computational complexity.
The main contributions of the first part of the dissertation are three-fold:
• The optimal power dividing schemes between the eNB and the RS can increase the
transmission rate on each subcarrier. With this scheme, the cooperation between the
eNB and the RS can be maximized to improve the transmission efficiency.
• In the multi-user OFDM networks, improving the fairness among users is usually at
the expense of the reduced overall throughput. To tackle this issue, we formulate a
novel lexicographical optimization problem where throughput will be optimized when
maximum fairness is guaranteed.
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• Due to the complexity of the optimal resource allocation, an efficient suboptimal
joint allocation algorithm with low computational complexity is proposed. Compared
with most two-step procedures, our suboptimal algorithm can effectively improve the
minimum rate of all users as well as the average user rate.
The second part investigates the fundamental achievable rate and power allocation for
the uplink communications in the LTE-Advanced network with the deployment of in-band
decode-and-forward Type II full-duplex relay stations. The in-band relay allocates the same
set of frequency subcarriers for cooperative transmission with each UE. Upon receiving a
signal from UE, the relay first decodes it to eliminate the noise, then retransmits to the
eNB in its own codes. With joint superposition coding at the source and the relay, higher
rate can be achieved by improving the utilization of existing allocated spectral resources.
The main contributions of this part include:
• Since SC-FDMA signals are no longer transmitted in parallel in the time domain, we
revisit the joint superposition encoding and decoding processes for DF cooperative
relaying in the frequency domain.
• We design ZF and MMSE equalizers at both RS and eNB taking into account the
cooperative relay channels. Based on the proposed equalizers, the expressions of the
achievable rate in the SC-FDMA relay system are derived.
• We propose optimal power allocation schemes among subcarriers at both UE and RS
to maximize the overall throughput of the system.
In the third part, we consider a green device-to-device communication underlaying
cellular network where the eNB is powered by sustainable energy. We aim at further
improving the cellular network’s throughput by exploiting the potential benefits of D2D and
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cooperative relaying with green energy, while maintaining the network sustainability and
guaranteeing users’ QoS requirement. Cooperative communication is utilized to improve
the transmission efficiency, and the eNB helps the D2D communication by relaying the
source’s signal to the destination. The cooperative eNB adopts the decode-and-forward
protocol and transmits in the same channel with the source. We focus on designing efficient
power allocation schemes and make the following contributions:
• Both green energy and wireless communication technologies are considered to provide
an efficient transmission regime in a device-to-device communication underlaying cel-
lular network, where a BS powered by sustainable energy is deployed in the network.
To improve the network throughput, the green BS is equipped with cooperation
devices to assist the communication between the source and the destination.
• We propose power allocation schemes to maximize the overall throughput under
two practical types of power constraints depending on whether users are able to
adjust their transmission power. Our proposed schemes can effectively improve the
network throughput while ensuring that the energy harvested from the environment
can sustain the wireless communication without any node outage.
• An analytical framework to model the dynamics of the green energy charging and dis-
charging processes is presented. The energy buffer can be approximated as a G/D/1
queue where the energy charging process has a general distribution. The distribution
of the buffer storage is derived which shed some light on the green network designs.
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1.4 Outline
The remainder of this dissertation is organized in the following manner. Chapter 2 provides
some background on the physical layer transmission and relaying techniques, as well as
literature survey on resource allocation in the cellular networks. Downlink joint subcarrier
and power allocation in LTE-Advanced relay network is presented in Chapter 3 and uplink
achievable rate and resource allocation is presented in Chapter 4. Chapter 5 investigates the
power allocation to maximize the sustainability and efficiency in green cellular networks.
Finally, in Chapter 6, we provide some concluding remarks and future work.
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Chapter 2
Background and Literature Review
This chapter first introduces the OFDM and SC-FDMA techniques for downlink and up-
link transmissions, respectively. Then the capacity of single-user relay channel model is
presented. After that, an overview and comparison of existing resource allocation schemes
are provided.
2.1 Physical Layer Transmission Techniques in LTE
Networks
To improve the spectrum efficiency and transmission rate, the physical layer techniques for
LTE and LTE-A include OFDM as the downlink transmission scheme and SC-FDMA as
the uplink multiple access scheme [14].
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2.1.1 OFDM
In broadband applications, the wireless channel encounters frequency-selective multipath
fading. The transmitted signal is scattered, diffracted and reflected, and reaches the an-
tenna as an incoherent superposition of many signals each as a poorly synchronized echo
component of the desired signal. This phenomenon leads to severe intersymbol interference
(ISI) both in time and frequency impacting the service quality and data rates. To combat
ISI, OFDM is an effective solution to realize a high performance physical layer and thus
has been widely adopted by various wireless standards.
OFDM is based on the concept of multicarrier transmission. The idea is to divide the
broadband channel into N narrowband subchannels each with a bandwidth much smaller
than the coherence bandwidth of the channel. The high rate data stream is then split intoN
substreams of lower rate data which are modulated into N OFDM symbols and transmitted
simultaneously on N orthogonal subcarriers. The low bandwidth of the subchannels along
with the frequency spacing between them are necessary to have flat fading orthogonal
subcarriers with approximately constant channel gain during each transmission block.
In particular, the transmitter and receiver structure of OFDM system is shown in
Fig. 2.1. The sequence of N modulated symbols, x0, x1, . . . , xN−1, are converted into N
parallel streams before takeing the N -point inverse discrete Fourier transform (IDFT).
Then, the signals are converted into a serial stream before inserting the Cyclic Prefix
(CP). Finally, the sequence is sent over the wireless channel. The OFDM demodulation
reverses the above process. After converting the received signal back into the digital form,
the CP is removed. Then the sequence is converted into a parallel of N data streams
before performing the N -point discrete Fourier transform (DFT). At last, the sequence is
transformed back to a serial stream.
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Figure 2.1: Transmitter and receiver structure in OFDM systems.
In this architecture, CP is simply a repetition of the last part of the preceding OFDM
symbol, where the length of the CP exceed the channel delay spread. Therefore, ISI can
be avoided by inserting the guard period between successive OFDM symbols.
2.1.2 SC-FDMA
Although OFDM can substantially reduce the intersymbol interference (ISI) and increase
the data rate, a principal weakness is the high peak-to-average power ratio (PAPR), which
would impose a heavy burden on the power amplifier of the transmitter, especially for
the mobile terminals [15]. As a result, SC-FDMA is proposed as the uplink transmission
technique to reduce the PAPR and make the mobile terminals more power-efficient. SC-
FDMA can be viewed as a DFT precoded OFDMA, which is the multi-user version of
17
OFDM. SC-FDMA can achieve similar throughput performance and overall complexity
with OFDMA, yet reduce the PAPR and transmitter cost due to its inherent single carrier
nature. Unlike OFDMA, both transmission and detection of the signals are carried out in
the time domain rather than in the frequency domain.
The block diagram of the general SC-FDMA transmitter and receiver structure is shown
in Fig. 2.2. The sequence of the time-domain signals for transmission at user i is firstly
transformed into frequency domain by the Ni-point DFT, then the sequence goes through
the OFDMA processing. The decision is carried out in the time domain at the receiver
after the Ni-point IDFT transforming the frequency-domain sequence into time domain.
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Figure 2.2: Transmitter and receiver structure in SC-FDMA systems.
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2.2 Single-User Relay Channel
In this section, we review the relay channel model, which exploits the signal from the
source node rather that simply treating it as interference, from an information theoretic
perspective. The simplest discrete memoryless three-terminal relay channel is depicted in
Fig. 2.3. In this channel, the source node s intends to send information to the destination
node d , which might be at a great distance from node s in many situations. The channel
might suffer from severe attenuation such that any direct reliable communication at a high
data rate is impossible. In this case, an intermediate relay node r can be deployed to
relay the information from the source to the destination. With the help of the relay node,
a single-hop and long-distance transmission can be replaced by a two-hop and shorter-
range transmission. The presence of the intermediate node can significantly enhance the
transmission performance by the two-phase communication: i) node s transmits to node
r , ii) node r transmits to the destination d along with node s .
Figure 2.3: A single-user relay channel model.
The three-terminal relay channel was first proposed in [16], [17]. Two fundamental
coding strategies for the relay are developed in [18]: decode-and-forward and amplify-and-
forward. The difference between these two strategies relies on whether the relay node is
able to decode or not. Unfortunately, whether one strategy is superior than the other
depends on the network topology, channel conditions, etc. [19], [20]. In this dissertation,
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we consider the scenario where the relay employs decode-and-forward strategy since in this
case, the relay does not propagate the noise from the source-relay transmission.
The discrete memoryless relay channel with decode-and-forward strategy is modeled as
(Xs ×Xr, p(yr, yd|xs, xr), Yr × Yd), (2.1)
where xs, yd, yr and xr denote the input to the channel, the output of the channel, the ob-
servation by the relay and the input symbol chosen by the relay, respectively. p(yr, yd|xs, xr)
is the probability distribution on Yr × Yd for each (xs, xr).
The transmission block of a message W involves T transmission units. For t =
1, 2, . . . , T , the source node sends xs(t) ∈ Xs and the relay node sends xr(t) ∈ Xr. At
the meantime, the relay receives yr(t) ∈ Yr and the destination receives yd(t) ∈ Yd. Upon
receiving signals from the source, the relay first decodes the message, then re-encodes and
transmits it in the subsequent transmission block.
2.2.1 Upper and Lower Bounds on Channel Capacity
From the max-flow min-cut theorem [18, 21], the capacity C of any relay channel (Xs ×
Xr, p(yr, yd|xs, xr), Yr × Yd) is bounded above by
C ≤ sup
p(xs,xr)
min{I(Xs;Yr, Yd|Xr), I(Xs, Xr;Yd)}. (2.2)
The first term in (2.2) upper bounds the rate for transmission from s to r and d . The
second term is the maximum information transferred from the two senders s and r to
receiver d .
When the relay node decodes and re-encodes the message, the following maximum
achievable rate has been proved:
R = max
p(xs,xr)
min{I(Xs;Yr|Xr), I(Xs, Xr;Yd)}, (2.3)
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where I(Xs;Yr|Xr) is the rate that the relay is able to decode (relay decoding rate), and
I(Xs, Xr;Yd) is the rate that the destination can successfully decode the message (desti-
nation decoding rate).
If the relay receiver is better than the ultimate destination receiver in the sense that
p(yr, yd|xs, xr) = p(yr|xs, xr)p(yd|yr, xr), (2.4)
the relay channel is physically degraded and the achievable rate in (2.3) is the capacity of
the physically degraded relay channel.
2.2.2 Achievable Rate in the AWGN Environment
In this dissertation, we consider that all wireless channels are independent additive white
Gaussian noise (AWGN) channels. Each transmission link is corrupted by a multiplica-
tive fading gain coefficient in addition to an additive white Gaussian noise. The channel
gain coefficients of the source-relay channel, the relay-destination channel and the source-
destination channel are denoted by hsr, hrd and hsd respectively. hsr, hrd and hsd are
independent complex random variables and the fading processes hsr(t), hrd(t) and hsd(t)
are stationary and ergodic over time, where t is the time index. Assume the channel gain
coefficients remain unchanged during each transmission unit.
Also, we assume that both the source and the relay have a maximum transmission
power limitation. The transmitting power at the source node is bounded by
1
S
S∑
t=1
x2s(t) ≤ Ps, (2.5)
and the transmitting power constraint at the relay node is
1
S
S∑
t=1
x2r(t) ≤ Pr. (2.6)
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We consider the full-duplex mode where the relays are able to receive and transmit
simultaneously. With the DF strategy, the relay node first decodes the received signal,
then transmits it along with the source in the subsequent time block. The received signals
at the relay and at the destination are given by, respectively,
yr(t) = hsrxs(t) + zr(t), (2.7)
and
yd(t) = hsdxs(t) + hrdxr(t) + zd(t), (2.8)
where zr(t) and zd(t) are independent zero-mean Gaussian noises received at the relay node
r and at the destination node d with variances both normalized to 1.
We consider consecutive transmissions including B blocks in total. At each transmis-
sion block, a message, wb, b = 1, . . . , B, is to be sent into the relay channel. The joint
superposition encoding process for the relay channel at transmission block b consists of
the generation of two independent code words: one code ~x0 containing the current block’s
message wb and the other code ~x1 representing the previous block’s message wb−1. During
the transmission block b, the relay node r only sends ~x1 containing message wb−1 with its
maximum transmission power Pr. For the source node s , it divides the total transmission
power Ps into two parts, βPs and β¯Ps with different purposes, where β¯ = 1 − β. βPs is
used for transmitting ~x0 and β¯Ps is devoted to cooperate with the relay for transmitting
~x1 to the destination. The code ~xs sent by the source node is the superposition of two
codes: ~x0 and ~x1, i.e.,
~xs =
√
β ~x0 +
√
β¯ ~x1,
~xr = ~x1. (2.9)
Employing the joint superposition encoding and decoding, the following rate can be
achieved for the single-user relay channel if all codes are generated according to Gaussian
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distribution [18]:
R = max
p(xs,xr)
min {I (Xs;Yr|Xr) , I (Xs, Xr;Yd)}
= max
0≤β≤1
min
{
1
2
log
(
1 + |hsr|2βPs
)
,
1
2
log
(
1 + |hsd|2βPs + (
√
|hsd|2β¯Ps +
√
|hrd|2Pr)2
)}
= max
0≤β≤1
min
{
1
2
log
(
1 + |hsr|2βPs
)
,
1
2
log
(
1 + |hsd|2Ps + |hrd|2Pr + 2|hsd||hrd|
√
β¯PsPr
)}
.
(2.10)
2.3 Related Works on Resource Allocation in Cellular
Networks
Driven by the user demand of higher data rate communications, improving the network
efficiency through resource allocation, especially power allocation, has attracted an upsurge
of research interest for both downlink and uplink cellular networks.
In the traditional multi-user OFDM network, numerous subchannel and power alloca-
tion algorithms have been proposed. For example, [22] provides a sum capacity maximiza-
tion scheme while [23, 24] propose algorithms to consider fairness of the system. [25–27]
investigate resource allocation to balance both throughput and fairness by maximizing a
utility function. These algorithms either iteratively search for the joint resource allocation
or decompose the joint allocation into separate processes where a uniform power distribu-
tion is assumed when allocating subcarriers. Ideally, the subchannel and power allocation
should be designed jointly since they are mutually dependent, especially when fairness
needs to be considered.
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Although resource allocation for multiuser OFDM transmission has been well studied
in the literature, the optimality conditions and algorithms cannot be directly applied to the
uplink case mainly for two reasons. Firstly, the capacity of the SC-FDMA system is not
simply the summation of the capacity on each subcarriers as in OFDMA systems. Secondly,
each UE has its own transmission power constraint instead of a total power constraint at
the eNB in the downlink case. To this end, [28, 29] derive the single user transmission
capacity of the SC-FDMA system with both ZF and MMSE equalization. [30] designs
low-complexity subcarrier and power allocation schemes to improve the communication
reliability.
Considering the unique features of the cooperative relay channels, recent studies have
focused on the performance improvement and resource allocation to make efficient use of
relays. Specifically, [31–34] have investigated the cooperative gain and power allocation
schemes to improve the achievable rate. [35] studies the joint subcarrier, power and relay
nodes allocation to maximize the transmission rate in the OFDMA system with AF re-
lays. [36–41] study the joint OFDM subchannel and power allocation problem assuming
the source and the relay transmit in two orthogonal channels. However, in terms of the
in-band DF relay networks where the source and the relay occupy the same channel, few
works have addressed the resource allocation issue.
For the uplink SC-FDMA system with relays, [42] studies the joint source power al-
location and AF relay beamforming in multi-relay networks to improve the energy effi-
ciency. [43] calculates the signal-to-noise ratio (SNR) and proposes relay selection in an
opportunistic AF relay-assisted SC-FDMA system and [44] studies relay selection and sub-
carrier allocation for opportunistic DF relay-aided SC-FDMA systems assuming that the
UE cannot communicate with the eNB directly. However, to the best of our knowledge,
there is limited literature on the capacity analysis and power allocation for the SC-FDMA
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system with cooperative decode-and-forward relays.
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Chapter 3
Resource Allocation for Downlink
OFDM System
In this chapter, we present the problem of the adaptive joint subcarrier and power allocation
to improve the downlink transmission efficiency in an LTE-Advanced network with the
deployment of in-band cooperative decode-and-forward relay stations.
3.1 System Model
The downlink cellular network structure considered in this chapter is shown in Fig. 3.1.
In each LTE-Advanced cell, an eNB is installed in the center to serve several UEs. RSs
with a smaller coverage area are deployed near the cell edge to improve the cell-edge users’
throughput or to extend the cellular radio coverage. To simplify the problem, suppose no
cooperation exists among adjacent RSs, so any user can only be served by its affiliated
eNB or a single RS if possible.
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Figure 3.1: Downlink LTE-Advanced cellular network structure with the deployent of RSs.
In the downlink transmission, users receive signals from their serving eNB. If a user
is also located within the relay’s coverage range, the eNB can reach the user via two
paths, which is modeled as the three-node cooperative relay channel. The desired downlink
transmission is from the eNB to the user, while the affiliated RS aids the communication by
capturing the signals sent from the eNB and forwarding them to the user. Upon receiving
the signals, the relay decodes the original message and retransmits it in its own codes
during the subsequent time slot. Two-hop transmissions are discussed in this chapter from
a practical perspective. As the number of hops grows in the relay networks, the decoding
complexity would be drastically increased [45].
In LTE-Advanced cellular systems, the downlink frequency domain transmission tech-
nique is OFDM where the available bandwidth B is divided into N orthogonal subchannels
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operating at different subcarriers (tones) as shown in Fig. 3.2. Each subchannel has a band-
width of B/N . The tones can be dynamically allocated to users to exploit both multi-user
diversity and frequency diversity at a finer granularity.
Frequency
Time
Figure 3.2: Time-frequency structure for downlink OFDM.
Let M = {1, . . . ,M} and N = {1, . . . , N} denote the user set and the frequency-
domain subchannel set, respectively. At the beginning of each time slot, the subchannels
are allocated by the eNB and the transmission power can be dynamically adjusted at both
eNB and RS to improve the transmission efficiency.
Suppose all wireless channels are independent AWGN channels where noise variances
are normalized to 1. The channel gain coefficients for user k, k ∈M on subchannel l, l ∈ N
are denoted by h
(k,l)
sr , h
(k,l)
rd and h
(k,l)
sd representing the channel conditions of the eNB-RS,
RS-UE and eNB-UE links, respectively. If a user is not within the RS coverage, there is
only one direct transmission channel gain coefficient, h
(k,l)
sd . The channel state information
is assumed to be known at both the transmitter and the receiver so that eNB can adaptively
allocate the transmission power and subchannels according to the instantaneous channel
state information.
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The average transmitting power at the eNB and at the relay are bounded respectively
by
1
S
S∑
t=1
x2s(t) ≤ Ps
1
S
S∑
t=1
x2r(t) ≤ Pr, (3.1)
where xs and xr are signals transmitted from the eNB and from the RS, respectively, and
t is the time index ranging from 1 to S as shown in Section 2.2.2. Suppose the power
allocated to user k for transmission on the lth subchannel at the eNB is P
(k,l)
s and that at
the relay station is represented by P
(k,l)
r . They must satisfy∑
k,l
P (k,l)s ≤ Ps∑
k,l
P (k,l)r ≤ Pr. (3.2)
To indicate whether the lth subcarrier is allocated to user k, we introduce a binary
variable ρ(k,l):
ρ(k,l) =
 1, the lth subchannel is allocated to user k;0, otherwise. (3.3)
To avoid the interference, suppose each subchannel can only be allocated to one user during
each transmission block.
As each subchannel has a bandwidth of B/N , based on (2.10), the maximum achiev-
able rate of cooperative communication for user k in subchannel l averaged in the whole
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transmission band in the AWGN environment is given by:
R(k,l) = max
0≤β(k,l)≤1
min
{
ρ(k,l)
N
log
(
1 +
|h(k,l)sr |2β(k,l)P (k,l)s
B/N
)
,
ρ(k,l)
N
log
1 + |h
(k,l)
sd |2β(k,l)P (k,l)s
B/N
+
(√
|h(k,l)sd |2β¯(k,l)P (k,l)s +
√
|h(k,l)rd |2P (k,l)r
)2
B/N

 ,
(3.4)
where β(k,l) ∈ (0, 1) is a coefficient determined by the source to adjust the portion of its
transmission power used for cooperation with the relay in order to achieve the maximum
rate. β¯(k,l) = 1 − β(k,l). For non-cooperative transmission, P (k,l)r = 0. The maximum
transmission rate is the capacity of the direct eNB-UE link:
R(k,l) =
ρ(k,l)
N
log
(
1 +
|h(k,l)sd |2P (k,l)s
B/N
)
. (3.5)
Different from the power assignment problem which assumes each node has a unique
power constraint, we focus on the fundamental performance limitation of the system with
the existing allocated resources, e.g., bandwidth and total power. Our objective is to
maximize the system’s transmission efficiency; in other words, to find the minimum power
needed to transmit a given amount of information at a certain rate under a bandwidth
constraint. This is equivalent to finding the rate under a total power and bandwidth
constraint [32]. Towards this end, we first investigate the joint OFDM subchannel and
power allocation to maximize the sum rate of all users on all subchannels. Then we further
consider fairness issue in the subsequent section. Specifically, the throughput maximization
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problem can be formulated mathematically as:
max
P
(k,l)
s ,P
(k,l)
r ,ρ(k,l)
∑
k∈M,l∈N
R(k,l)
subject to
∑
k,l
P (k,l)s +
∑
k,l
P (k,l)r ≤ Ptotal
P (k,l)s ≥ 0, for all k, l
P (k,l)r ≥ 0, for all k, l
ρ(k,l) ∈ {0, 1}, for all k, l∑
k∈M
ρ(k,l) ≤ 1, for all l (3.6)
where Ptotal is the total available power at the eNB and the RS.
Note that the optimal power and subchannel allocation are functions of the instanta-
neous channel gain coefficients. Since we assume the channel gain coefficients remain un-
changed during each transmission block, the allocation P
(k,l)
s (h
(k,l)
sr , h
(k,l)
rd , h
(k,l)
sd ), P
(k,l)
r (h
(k,l)
sr , h
(k,l)
rd , h
(k,l)
sd ),
and ρ(k,l)(h
(k,l)
sr , h
(k,l)
rd , h
(k,l)
sd ) can be simplified as P
(k,l)
s ,P
(k,l)
r and ρ(k,l) in the problem formu-
lation.
Problem (3.6) can be categorized as a mixed integer nonlinear problem (MINLP) which
is generally difficult to solve. However, considering the unique feature of the system that
orthogonality exists among subcarriers and users, we propose a two-layer resource alloca-
tion scheme to solve (3.6). We first focus on the cooperative communication on a single
subcarrier and derive the power dividing scheme between P
(k,l)
s and P
(k,l)
r to achieve the
maximum rate in Section 3.2. With the optimal dividing scheme on each single subcarrier,
the problem can be transformed to the traditional multi-user OFDM resource allocation
problem. Then, we further consider the throughput maximization problem and mini-
mum user rate maximization problem by proposing joint power and subchannel allocation
schemes in Section 3.3.
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3.2 Power Division for a Single-User Relay Channel
In this section, the first layer of the optimization problem is considered. Since the network
can be viewed as the single-user relay channel on each subcarrier, our objective is to max-
imize the cooperation and the achievable rate for each subcarrier through power dividing
between the eNB and the RS.
3.2.1 Problem Formulation
Without loss of generality, suppose the lth subcarrier has been assigned to user k, ρ(k,l) = 1.
The first layer optimization problem can be written as:
max
P
(k,l)
s ,P
(k,l)
r
R(k,l)
subject to P (k,l)s + P
(k,l)
r ≤ P (k,l)
P (k,l)s ≥ 0,
P (k,l)r ≥ 0, (3.7)
where P (k,l) is the total transmission power assigned to this subchannel.
3.2.2 Power Allocation Schemes
To solve the above problem, for a limited total power consumption P (k,l), we need to decide
the optimal P
(k,l)
s , P
(k,l)
r and β(k,l) to maximize the achievable rate (3.4). Taking a closer
look at (3.4) where R(k,l) is the minimum of two rates, the first rate is the eNB-RS channel
capacity (relay decoding rate) and the second rate is the capacity of the multiple access
channel (MAC) from eNB and RS to the UE (destination decoding rate). Since the highest
32
achievable rate is obtained when the relay decoding rate equals the destination decoding
rate, the optimal power division scheme tries to balance these two rates by jointly designing
P
(k,l)
s , P
(k,l)
r and β(k,l). Depending on which rate is the bottleneck, there are two power
dividing strategies that the source node can select [46]:
Depending on which rate is the bottleneck, there are two power dividing strategies that
the source node can select [46]:
• If the destination decoding rate is the bottleneck, the source node can reduce β(k,l)
until the relay decoding rate equals the destination decoding rate.
• If the relay decoding rate is the bottleneck, the source node will set β(k,l) = 1.
Notice that when β(k,l) = 1, the eNB and the relay will transmit independent codes.
Therefore, the second case is also known as the “asynchronous case” while the first case is
called the “synchronous case”. The asynchronous case is more empirical to implement due
to the reduction of coding complexity.
In the rest of the section, we will allocate P
(k,l)
s , P
(k,l)
r and β(k,l) for both the synchronous
case and the asynchronous case. However, with the optimal power allocation, whether
synchronous case or asynchronous case achieves higher rate depends on the specific channel
state information.
Synchronous Case
In this case, the destination decoding rate is the bottleneck, and β(k,l) 6= 1. Denote
P
(k,l)
s1 = β
(k,l)P
(k,l)
s and P
(k,l)
s2 = β¯
(k,l)P
(k,l)
s as the two components of P
(k,l)
s . Since the
signal received at the destination contains a combined strength, we first maximize the
destination decoding rate with fixed total power for the multiple access (MAC) channel,
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P
(k,l)
0 , P
(k,l)
0 = P
(k,l)
s2 +P
(k,l)
r . Then, we can allocate P
(k,l)
s1 and P
(k,l)
0 under the total power
constraint to achieve maximum rate.
The destination decoding rate is given by
1
N
log
1 + |h(k,l)sd |2β(k,l)P (k,l)s
B/N
+
(
√
|h(k,l)sd |2β¯(k,l)P (k,l)s +
√
|h(k,l)rd |2P (k,l)r
2
)
B/N
 , (3.8)
which is equivalent to
1
N
log
1 + |h(k,l)sd |2P (k,l)s1
B/N
+
(
√
|h(k,l)sd |2P (k,l)s2 +
√
|h(k,l)rd |2P (k,l)r )2
B/N
 . (3.9)
With fixed P
(k,l)
0 , it can be derived that the optimum power allocation between P
(k,l)
s2
and P
(k,l)
r is given by
P (k,l)s2 =
|h(k,l)sd |2
|h(k,l)sd |2 + |h(k,l)rd |2
P
(k,l)
0 ,
P (k,l)r =
|h(k,l)rd |2
|h(k,l)sd |2 + |h(k,l)rd |2
P
(k,l)
0 , (3.10)
and the destination decoding rate becomes:
1
N
log
1 + |h(k,l)sd |2P (k,l)s1 +
(
|h(k,l)sd |2 + |h(k,l)rd |2
)
P
(k,l)
0
B/N
 . (3.11)
For the optimization problem (3.7), since the optimum of the achievable rate R(k,l) is
attained when P
(k,l)
s1 +P
(k,l)
0 = P
(k,l) and when the relay decoding rate equals the destination
decoding rate, i.e.,
1
N
log
(
1 +
|h(k,l)sr |2P (k,l)s1
B/n
)
=
1
N
log
1 + |h(k,l)sd |2P (k,l)s1 +
(
|h(k,l)sd |2 + |h(k,l)rd |2
)
P
(k,l)
0
B/N
 ,
(3.12)
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the optimization problem can be rewritten as:
max
P
(k,l)
s1
,P
(k,l)
0
1
N
log
(
1 +
|h(k,l)sr |2P (k,l)s1
B/N
)
subject to P (k,l)s1 + P
(k,l)
0 = P
(k,l)
|h(k,l)sr |2P (k,l)s1 = |h(k,l)sd |2P (k,l)s1 +
(
|h(k,l)sd |2 + |h(k,l)rd |2
)
P
(k,l)
0
P (k,l)s ≥ 0
P (k,l)r ≥ 0. (3.13)
Actually, the constraints lead to only one feasible solution when |h(k,l)sr | ≥ |h(k,l)sd |:
P (k,l)s1 =
|h(k,l)sd |2 + |h(k,l)rd |2
|h(k,l)sr |2 + |h(k,l)rd |2
P (k,l),
P
(k,l)
0 =
|h(k,l)sr |2 − |h(k,l)sd |2
|h(k,l)sr |2 + |h(k,l)rd |2
P (k,l), (3.14)
and the largest achievable rate is given by
R(k,l) =
1
N
log
(
1 +
|hsr|2 (|hsd|2 + |hrd|2)
|hsr|2 + |hrd|2 ·
P (k,l)
B/N
)
. (3.15)
Note that if |h(k,l)sr | < |h(k,l)sd |, the eNB-UE link has a better channel condition than the
eNB-relay link. In this case, any direct transmission is more reliable than the cooperative
transmission with the help of relays. When the relay obtains the channel state information,
it first compares |h(k,l)sr | with the channel condition of the direct transmission link to decide
whether decode-and-forward needs to be performed to avoid any waste of the resources. In
this scenario, the highest end user achievable rate (channel capacity) for non-cooperative
transmission is
R(k,l) =
1
N
log
(
1 +
|h(k,l)sd |2P (k,l)s
B/N
)
. (3.16)
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Asynchronous Case
In this case, the source and the relay employ independent codes, so that β(k,l) = 1. By the
same argument, the maximum achievable rate is obtained when the relay decoding rate
equals the destination decoding rate. The optimization problem in this scenario can be
formulated as:
max
P
(k,l)
s ,P
(k,l)
r
1
N
log
(
1 +
|h(k,l)sr |2P (k,l)s
B/N
)
subject to P (k,l)s + P
(k,l)
r = P
(k,l)
|h(k,l)sr |2P (k,l)s = |h(k,l)sd |2P (k,l)s + |h(k,l)rd |2P (k,l)r
P (k,l)s ≥ 0
P (k,l)r ≥ 0. (3.17)
When |h(k,l)sr | ≥ |h(k,l)sd |, the feasible region gives rise to the the following optimal power
allocation:
P (k,l)s =
|h(k,l)rd |2
|h(k,l)sr |2 − |h(k,l)sd |2 + |h(k,l)rd |2
P (k,l),
P (k,l)r =
|h(k,l)sr |2 − |h(k,l)sd |2
|h(k,l)sr |2 − |h(k,l)sd |2 + |h(k,l)rd |2
P (k,l), (3.18)
and the largest achievable rate in this case is given by
R(k,l) =
1
N
log
(
1 +
|h(k,l)sr |2|h(k,l)rd |2
|h(k,l)sr |2 − |h(k,l)sd |2 + |h(k,l)rd |2
· P
(k,l)
B/n
)
. (3.19)
3.3 Joint Power and Subchannel Allocation
With the optimal power dividing scheme between eNB and RS for a single-user relay
channel on each subchannel, the optimization problem (3.6) can now be simplified to the
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problem of jointly assigning subcarriers and power among all users in the network to attain
the maximum overall throughput. In this section, two problems with different objectives
are considered. We first investigate the subchannel and power allocation for throughput
maximization problem and propose an optimal allocation algorithm. Then the fairness
issue is further concerned as the second problem where our major target is to achieve
maximum fairness among all users. Due to the complexity of the optimal solution, an
efficient suboptimal algorithm with low computational cost is provided.
3.3.1 Throughput Maximization Problem
The simplified problem can be written as:
max
P (k,l),ρ(k,l)
∑
k∈M,l∈N
R(k,l)
subject to
∑
k,l
P (k,l) ≤ Ptotal
P (k,l) ≥ 0, for all k, l
ρ(k,l) ∈ {0, 1}, for all k, l∑
k∈M
ρ(k,l) ≤ 1, for all l. (3.20)
Define the unit power signal-to-noise ratio (SNR) for the single-user subchannel as:
H(k,l) =

|h(k,l)sr |2
(
|h(k,l)sd |2+|h
(k,l)
rd |2
)
(
|h(k,l)sr |2+|h(k,l)rd |2
)
B/N
, the synchronous case,
|h(k,l)sr |2|h(k,l)rd |2(
|h(k,l)sr |2−|h(k,l)sd |2+|h
(k,l)
rd |2
)
B/N
, the asynchronous case,
|h(k,l)sd |2
B/N
, the non-cooperative case.
(3.21)
Then the highest achievable rate for the relay channel has a unified expression similar
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to the direct transmission capacity. R(k,l) can be written as
R(k,l) =
ρ(k,l)
N
log
(
1 +H(k,l)P (k,l)
)
. (3.22)
Under the assumption that at most one user can be allocated on each subchannel
(actually this assumption has been proved to be optimal in [22]), for any deterministic
subchannel allocation, the multi-carrier transmission can be viewed as a Gaussian parallel
channel with N independent channels coexisting in the network. For this type of network
with a common power consumption constraint, the water-filling power allocation scheme
has been proved to be optimal in terms of achieving the maximum overall throughput [21].
The fundamental spirit of water-filling is to allow higher transmitting power to be allocated
to the channel with a better quality. For the subchannel allocation, it can be derived that
assigning each subchannel to the user having the best channel quality is the optimal solution
to the problem. In conclusion, the joint subchannel and power allocation scheme in terms
of maximizing the overall throughput is shown in Theorem 1.
Theorem 1. The optimal resource allocation scheme to the throughput maximization prob-
lem proceeds with the following steps:
1: For l = 1, . . . , N , find a k(l) satisfying H(k(l),l) ≥ H(k′,l) for all k′ ∈ M. Assign
subchannel l to user k(l), i.e., set ρ(k(l),l) = 1.
2: Allocate P (k(l),l) =
(
λ− 1
H(k(l),l)
)+
as the transmitting power for user k(l) at tone l. λ is
the water-filling level that is chosen to satisfy the total power constraint
∑
k(l),l P
(k(l),l) =
Ptotal.
where (·)+ is defined as
(x)+ =
 x, x ≥ 0,0, x < 0. (3.23)
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Proof. For any deterministic subchannel allocation {ρ(k,l) : k ∈ M, l ∈ N}, we first show
that the optimum throughput can be achieved by water-filling power allocation. To simplify
the notations, denote the power allocated to subchannel l and the SNR on subchannel l
by P (l) and H(l), respectively. The optimization problem can be written as
max
P (l)
∑
l
1
N
log
(
1 +H(l)P (l)
)
subject to
∑
l
P (l) ≤ Ptotal
P (l) ≥ 0. (3.24)
This standard convex optimization problem can be solved by the Lagrange multipliers.
The details of the Lagrange multipliers method is shown as follows. Firstly, the optimiza-
tion problem can be transformed to maximizing the following Lagrange function:
L (P (1), . . . , P (N)) = ∑
l
1
N
log
(
1 +H(l)P (l)
)− ν(∑
l
P (l) − Ptotal
)
. (3.25)
where ν is the Lagrange multiplier coefficient. Then we differentiate (3.25) with respect to
P (l), l = 1, . . . , N and set each derivative to 0 to obtain
∂L
∂P (l)
=
1
N ln 2
· 1
1 +H(l)P (l)
− ν = 0 (3.26)
for l = 1, . . . , N .
Therefore, the optimal power allocation is given by
P (l) =
(
λ− 1
H(l)
)+
, (3.27)
and λ is chosen to satisfy ∑(
λ− 1
H(l)
)+
= Ptotal. (3.28)
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With the above optimal water-filling power allocation, we only need to prove that
choosing the user with the highest SNR on each subchannel is the optimal subchannel
allocation. To this end, we first divide the frequency subchannel set into two subsets:
V = {l : P (l) > 0} and V C = N\V . Let |V | represent the cardinality of the set V . Thus,
λ =
1
|V |(Ptotal +
∑
l∈V
1
H(l)
). (3.29)
The overall throughput can then be calculated as follows:
Rtotal =
∑
k∈M,l∈N
R(k,l)
=
1
N
∑
l∈V
log
(
1 +H(l)P (l)
)
=
1
N
∑
l∈V
log
(
H(l)λ
)
=
1
N
log
(
λ|V | ·
∏
l∈V
H(l)
)
. (3.30)
Taking derivative of Rtotal with respect to H
(l), l ∈ V yields
∂Rtotal
∂H(l)
=
1
N ln 2
· λ−
1
H(l)
λ ·H(l) . (3.31)
For any l ∈ V , λ− 1
H(l)
> 0, so ∂Rtotal
∂H(l)
> 0. For those l ∈ V C , ∂Rtotal
∂H(l)
= 0. Therefore, the
overall throughput is a monotonic non-decreasing function of the SNRs of all subchannels.
Thus, the maximum overall throughput can be achieved when every subchannel is allocated
to the user with the highest SNR.
3.3.2 Fairness Concern
Although Theorem 1 can maximize the overall throughput, there is no minimum achievable
rate guaranteed for each user. Especially, if there exists one user whose channel quality
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outperforms all other users on every subchannel, all available subchannels and power would
be assigned to this user. In this case, other users’ transmission rate cannot be guaranteed.
As ensuring the mobile users’ QoS requirements, e.g., a minimum transmission rate
requirement, is one of the major design objectives in the cellular network, the subchannel
and power allocation schemes should be adapted accordingly to meet these requirements.
This issue has been addressed by some works, e.g., [23, 24]. However, most of these works
only consider either achieving the absolute fairness or meeting each individual user’s QoS
requirement without any concern about the transmission efficiency of the entire system.
Therefore, our research is to investigate both fairness and efficiency issue and try to come
up with an improved resource allocation scheme to balance the transmission rates among
different users in the network while maximizing the total throughput.
In this work, we adopt the fairness definition in [23] where the maximum fairness is
achieved when all users have the same data rate. The maximum fairness can be obtained
by solving the max-min problem to maximize the worst user’s achievable rate. It is worth
mentioning that the popular proportional fairness [24] can also be included in the max-min
problem if a set of factors representing the weight of each user’s rate is employed.
Different from [23] and most of the literatures where fairness is the only target, we
propose a novel optimization problem where the overall throughput is also optimized when
maximum fairness has been achieved. The two objectives have a hierarchical structure: the
fairness objective has the highest priority to be optimized and among the feasible solutions,
the overall throughput is further maximized.
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The problem can be formulated as a lexicographic optimization problem:
lex max
P (k,l),ρ(k,l)
(
min
k
Rk,
∑
k∈M
Rk
)
subject to
∑
k,l
P (k,l) ≤ Ptotal
P (k,l) ≥ 0, for all k, l
ρ(k,l) ∈ {0, 1}, for all k, l∑
k∈M
ρ(k,l) ≤ 1, for all l, (3.32)
where Rk is the achievable rate for user k given by
Rk =
∑
l∈N
ρ(k,l)
N
log
(
1 +H(k,l)P (k,l)
)
. (3.33)
To solve this problem, the subchannel and power allocation should be jointly designed.
Whether a subchannel is assigned to a user or not depends on the user’s rate which is
controlled by the power allocated to this user. On the other hand, allocating power among
subchannels depends on the channel condition of each subchannel which is decided by
the subchannel allocation. In this work, we first try to find the optimal solution. Then
as the eNB needs to allocate resources for the rapidly changing wireless channels, low-
complexity suboptimal algorithms are preferred, especially for cost-effective and delay-
sensitive implementations. Therefore, an efficient suboptimal algorithm is proposed as
well.
Optimal Power and Subchannel Allocation
To solve this lexicographic maximization problem, a sufficient condition that the optimal
joint power and subchannel allocation satisfies is described in the following theorem.
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Theorem 2. Let Sk denote the set of subchannels allocated to user k. S
+
k ⊆ Sk is the set
containing only the subchannels associated with nonzero transmission power, i.e., S+k = {l :
ρ(k,l) = 1 and P (k,l) > 0}. The cardinality of S+k is |S+k |. λ is the water-filling level. Thus
the subchannel and power allocation is optimal for the lexicographic optimization problem
(3.32) if it satisfies the following condition.
H(S
+
1 )λ|S
+
1 | = H(S
+
2 )λ|S
+
2 | = · · · = H(S+m)λ|S+m| (3.34)
where
H(S
+
k ) =
∏
l∈S+k
H(k,l) (3.35)
Proof. Since water-filling is always optimal for power allocation in spite of any subchannel
assignment, in order to maximize the overall throughput, the power allocation should still
follow a water-filling manner. Suppose that the water-filling level is λ which is a function
of the channel gains on all subchannels. The achievable rate for user k can be derived as
follows.
Rk =
∑
l∈S+k
1
N
log
(
1 +H(k,l)P (k,l)
)
=
∑
l∈S+k
1
N
log
(
1 +H(k,l)
(
λ− 1
H(k,l)
))
=
∑
l∈S+k
1
N
log
(
λH(k,l)
)
=
1
N
log
(
H(S
+
k )λ|S
+
k |
)
. (3.36)
Therefore, the ideal case is that H(S
+
k )λ|S
+
k | is balanced to attain the same value for all
users k ∈M.
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However, since λ is a function of all channel gains which will be determined by the
subchannel assignment, it is very difficult to jointly allocate subchannels and power due
to the computation complexity. Instead, most suboptimal solutions to the similar prob-
lem [23,24] separate the joint allocation into two steps. Firstly, subchannels are allocated
while assuming power is equally assigned in all subchannels. Then, based on the subchannel
allocation, power distribution is optimized according to water-filling. In our work, we pro-
pose a joint suboptimal subchannel and power allocation algorithm where the subchannels
are allocated based on the water-filling power distribution.
Suboptimal Power and Subchannel Allocation
The suboptimal resource allocation scheme contains two steps as well. We first allocate
subchannels among all users while assuming power is distributed in water-filling manner
with water-filling level λ. Then in the second step, λ can be decided based the subchannel
allocation in the first step.
1. Suboptimal Subchannel Allocation Algorithm
The first step only deals with the subchannel allocation scheme. Before proposing
the subchannel allocation algorithm, we first introduce two new sets. Suppose Ns
is the remaining subchannel set after each allocation. Initially, Ns = N . Moreover,
defineMs as an ordered set containing all users 1, 2, . . . ,m where for any i, j ∈Ms,
i < j if and only if H(Si) ≤ H(Sj). The suboptimal subchannel allocation process is
summarized in the following algorithm.
Note that compared with most suboptimal subchannel allocation algorithms assum-
ing equal power distribution, Algorithm 1 reduces the complexity from O(MN) to
O(N).
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Algorithm 1 Suboptimal subchannel allocation algorithm with fairness concern
1: Initialize: Sk = ∅, H(Sk) = 1 for all users k = 1, 2, . . . ,M . Let Ns = N and Ms =M.
2: While Ns 6= ∅, for k = Ms(1), . . . ,Ms(M), find a subchannel l(k) ∈ Ns satisfying
H(k,l(k)) ≥ H(k,l′) for all l′ ∈ Ns. Assign l(k) to user k. Update Ns = Ns − {l(k)} and
H(Sk) = H(Sk) ·H(k,l(k)).
3: Reorder the user set Ms. Then go back to 2.
2. Optimal Power Allocation
After allocating the subchannels according to Algorithm 1, suppose the channel gain
coefficient in each subchannel is H(k,l). According to the optimal water-filling power
allocation, the power allocated in each subchannel is
P (k,l) =
(
λ− 1
H(k,l)
)+
(3.37)
and λ is chosen to satisfy the total power constraint
∑
P (k,l) = Ptotal.
3.4 Numerical Results
To evaluate the performance of our subchannel and power allocation schemes derived in
the previous sections, the simulation results are presented in three parts. The first part
depicts the achievable rates obtained by the power dividing schemes in the single-user relay
channel. The second part demonstrates the superiority of the optimal joint subchannel and
power allocation scheme for maximizing the overall throughput in a cellular network. The
suboptimal allocation scheme to maximize the minimum rate of all users is evaluated in
the third part. We assume that all wireless channels suffer from frequency selective fading
and each subchannel experiences independent frequency flat fading.
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3.4.1 Performance of Power Dividing Schemes for Single-User
Relay Channel
To evaluate the performance of our optimal power dividing schemes derived in Section 3.2,
we conduct simulations considering two specific network environments: Rayleigh fading
environment and free space fading environment. In both environments, an achievable
rate comparison is provided where the rates are derived with different power dividing
schemes. Besides, in order to demonstrate the performance enhancement of introducing
the relay station, we always set the capacity of non-cooperative transmission as a baseline
for comparison.
1. Suppose all wireless channels suffer from independent Rayleigh fading. The average
achievable rates are obtained employing the optimal power allocation (3.10), (3.14),
and (3.18) for the synchronous case and the asynchronous case, respectively. The
performance is compared with an equal power dividing scheme where the eNB and
the RS transmit with the same power. The results are as shown in Fig. 3.3.
2. We consider the free space path loss model. Suppose each channel suffers from a signal
strength attenuation which is proportional to some exponent of the transmission
distance. For simplicity, in our simulation, the RS is located in the middle of the
eNB and the mobile user. The path loss exponent normally ranges from 2 to 4 where
2 is adopted in our simulation. Fig. 3.4 depicts the rate comparison of our proposed
schemes and the equal power allocation scheme.
In both network environments, transmission with the help of a relay station always
outperforms the non-cooperative transmission in terms of achieving higher data rate, which
demonstrates the benefit of deploying relay stations in cellular networks.
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Figure 3.3: Comparison of single-user achievable rates in Rayleigh fading environment.
In terms of the comparison of the two cases, higher achievable rate can be obtained in
synchronous case than in asynchronous case since the former one fully exploits the coop-
eration between the eNB and the relay in the coding process. However, synchronous case
leads to high coding complexity which will increase the implementation cost significantly.
Compared with the equal power dividing scheme, our optimal power dividing schemes
achieve higher data rate in both asynchronous case and synchronous case.
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Figure 3.4: Comparison of single-user achievable rates in path loss environment.
3.4.2 Performance of Optimal Resource Allocation for Through-
put Maximization
We consider an LTE-Advanced cellular network where the total available bandwidth is
20MHz and each subchannel has a bandwidth of 15kHz. On each frequency subcarrier, the
wireless eNB-relay, relay-UE and eNB-UE channels are assumed to suffer from independent
Rayleigh fading. Some simulation parameters are summarized in Table 3.1:
Fig. 3.5 shows the throughput per Hz using the optimal resource allocation scheme in
Theorem 1 in the configured cellular cell. The throughput of the system is derived when
the relay station operating in the synchronous case and the asynchronous case separately.
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Table 3.1: Downlink cellular network simulation parameters.
Parameter Value
Cellular layout Hexagonal grid, 6 sectors per cell
Relay station layout 1 relay station per sector
Relay protocol Decode-and-Forward
Transmission bandwidth 20MHz
Subcarrier separation 15kHz
Number of subcarriers in a resource block 12
Carrier frequency 2.7 GHz for downlink
Channel model Frequency selective Rayleigh fading
UE distribution Uniformly random
Number of UEs per sector 10
Total transmission power 80W
The performance is compared with the throughput of a system containing only direct
transmissions. It is demonstrated that with the optimal resource allocation, the per Hz
throughput is always increasing with the total available transmission power. With the help
of a relay station, both the synchronous case and the asynchronous case outperform the
direct transmission case.
To illustrate the superiority of our resource allocation scheme in Theorem 1, we further
compare the throughput achieved by Theorem 1 with the following two resource allocation
schemes:
1. The user with the best channel quality is picked on each subchannel and the power
is distributed on the subchannels equally;
2. Both the subchannels and power are allocated equally among all users without any
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Figure 3.5: Overall throughput with optimal resource allocation scheme.
consideration of the channel conditions of each single user.
Fig. 3.6 illustrates the overall throughput comparison of these three schemes for syn-
chronous relay station case and Fig. 3.7 depicts the same comparison when the relay station
operates in the asynchronous mode. From these figures, it can be seen that the optimal
resource allocation scheme achieves the highest throughput in both the synchronous case
and the asynchronous case. Furthermore, scheme 1 outperforms scheme 2 since scheme 1
takes the variance of channel conditions into consideration as well.
Notice that in both figures, the throughput achieved by the optimal resource allocation
scheme and that achieved by scheme 1 increase with the number of users. However, the
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Figure 3.6: Comparison of overall throughput when RS operates in synchronous mode.
throughput achieved by scheme 2 remains almost unchanged when the number of users
grows. This indicates that our allocation scheme and scheme 1 can better exploit the user
diversity. As the number of users goes up, there is a higher chance that a user with better
channel condition can be picked.
Fig. 3.8 depicts the rate distribution among users. We take one sector in a cellular cell
where 10 users are served by the relay station as an example. It can be seen that although
Theorem 1 has been proved to be optimal in terms of the overall throughput improvement
of the system, the QoS requirement for each user has not been considered. In this figure,
user #8 achieves almost 200% compared with user #3 which is not fair for users with poor
channel conditions.
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Figure 3.7: Comparison of overall throughput when RS operates in asynchronous mode.
3.4.3 Performance of Suboptimal Resource Allocation with Fair-
ness Concern
In order to evaluate the performance of our proposed suboptimal subchannel and power
allocation algorithm in improving fairness as well as the overall throughput, we compare
both the minimum rate of all users and the average user rate achieved by our suboptimal
algorithm with other suboptimal schemes. The total transmission power ranges from 30 to
50 dBm and assume that there are 30 users randomly distributed in each sector. The rest
of the network parameters are unchanged. We only take the synchronous relay case as an
example and similar results can be obtained in the asynchronous case.
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Figure 3.8: Rate distribution of 10 users.
We compare our proposed resource allocation scheme with the scheme which assumes
equal power distribution while allocating subchannels [23,24] in Fig. 3.9. In the subchannel
allocation step, the reference scheme assigns subchannels by assuming power is distributed
equally; however, our proposed scheme is based on the optimal water-filling power allo-
cation. In the power allocation step, all schemes employ the water-filling method. As
a baseline for comparison, the optimal joint power and subchannel allocation scheme for
throughput maximization is also depicted.
Fig. 3.9(a) shows the minimum rate of all users obtained by the three schemes. It can
be seen that our proposed scheme can increase the minimum rate of all users drastically.
Employing the optimal throughput maximization scheme, it is possible that some users
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Figure 3.9: Comparison of minimum rate of all users and average user rates.
could not have any chance to transmit at all.
In terms of the average user rate which is shown in Fig. 3.9(b), the optimal throughput
maximization scheme can always outperform other schemes. All the three schemes achieve
similar rates since in each scheme, the subchannel allocation tends to pick a user with good
channel quality.
3.5 Summary
In this chapter, we have investigated the downlink resource allocation to improve the trans-
mission efficiency in an LTE-Advanced cellular system where relays are installed. Instead
of simply amplifying and forwarding the received signal, relays are expected to have more
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coding capability to achieve higher data rates. We focus on the In-Band Type II decode-
and-forward relays where the source and the relay transmit in the same frequency band
(channel). An optimal subcarrier and power allocation scheme is proposed to maximize
the overall throughput. Then we consider the fairness issue and come up with a two-step
suboptimal algorithm that jointly allocate subcarrier and power to maximize the minimum
rate of all users while improving the system throughput. Numerical results indicate that
our proposed algorithm can improve the minimum rate of all users by about 80% compared
with the reference scheme. Furthermore, in terms of the overall throughput, our scheme
can achieve about 90% of the maximum throughput while the reference obtains around
84%.
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Chapter 4
Achievable Rate and Power
Allocation for Uplink SC-FDMA
System
In this chapter, we investigate the fundamental achievable rate and power allocation for
the uplink communications in the LTE-Advanced network with the deployment of in-band
cooperative decode-and-forward relay stations.
4.1 System Model
The uplink cooperative communication framework in the LTE-Advanced network is shown
in Fig. 4.1. In each cell, an eNB is located in the center where a set of UEs intend to connect
to the eNB simultaneously for uplink transmission. Near the cell edge, several dedicated
Type II in-band decode-and-forward relay stations are installed to assist the communication
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and improve the transmission rate for the users within the RS’s communication range. We
consider that the interference can be avoided by proper interference coordination among
neighboring RSs, e.g., through careful carrier selection enabled by carrier aggregation in
LTE-Advanced networks.
UE
eNB/BS
RS
Figure 4.1: Uplink transmission with the deployment of RSs in an LTE-Advanced network.
Each UE within the RS’s coverage area broadcasts its transmission signals to both
its affiliated eNB and the RS. The RS aids the communication in the sense that it first
decodes the received signals from the UE, then forwards the message to the eNB in its own
codes, which forms a three-node cooperative relay channel. Therefore, the eNB receives
the superposition of the signals from two paths, the direct UE-eNB transmission link
and the relay transmission link. Similar to the downlink case, we only focus on two-
hop communications due to the drastic increase of the coding complexity associated with
multiple hops [45].
The system model consists of one eNB, one RS and a set of M users, denoted by
M = {1, . . . ,M}, transmitting to the eNB with the help of the RS. The total available
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bandwidth B is divided into N orthogonal subcarriers indexed by N = {1, . . . , N}, where
each subcarrier has a bandwidth ofB/N . Ni ⊂ N is the set of subcarriers occupied by user i
for the uplink transmission. The number of subcarriers in Ni is denoted by Ni. Since LTE
systems employ localized SC-FDMA as the uplink transmission technology, subcarriers
assigned to a user need to be adjacent to each other [47]. Besides, each subcarrier can only
be allocated to at most one user, i.e., Ni
⋃Nj = ∅, for i, j ∈M, i 6= j.
Consider that all wireless channels are independent and suffer from frequency selective
fading and AWGN. As the bandwidth of a single subcarrier is narrow, signals on each
subcarrier experience frequency flat fading. The channel gain coefficients for user i, i ∈
M on subcarrier k, k ∈ Ni are denoted by h(k)sir, h(k)rd and h(k)sid representing the channel
conditions of the UE-RS, RS-eNB and UE-eNB links, respectively. The corresponding
frequency response are denoted by H
(k)
sir , H
(k)
rd and H
(k)
sid
. Based on the received pilot signals,
we assume that RS has perfect knowledge of the channel state information (CSI) of the
UE-RS link and eNB has the perfect knowledge of the CSI of all links in order to perform
equalization and decoding. Based on the CSI, the resource scheduler located at the eNB
allocates subcarriers and transmission power for both the UE and the RS. The decision is
then fedback to the SC-FDMA transmitter scheduler at the UE and the RS for subcarrier
mapping and power allocation.
4.2 Signal Representations in the SC-FDMA Relay
System
The block diagram of the SC-FDMA transmitter and receiver structure for transmission
of user i’s signals is shown in Fig. 4.2.
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Figure 4.2: Transmitter and receiver structure for user i in SC-FDMA systems.
SC-FDMA is also referred to as DFT-spread OFDMA. The sequence of the time-domain
signals for transmission at user i is firstly transformed into frequency domain by the Ni-
point DFT, then the sequence goes through the OFDMA processing. The decision is
carried out in the time domain at the receiver after the Ni-point IDFT transforming the
frequency-domain sequence into time domain.
4.2.1 Transmitted Signals at UE
The input to the transmitter at user i is a sequence of Ni time-domain symbols {xsi(u), u =
1, . . . , Ni}. After the Ni-point DFT, it is transformed into a sequence of frequency-domain
symbols {Xsi(v), v = 1, . . . , Ni}. The frequency-domain scheduler then maps these sym-
bols on a set of Ni active subcarriers selected from a total number of N subcarriers, and
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allocates the transmission power for each subcarrier. Assume the power allocated to sub-
carrier k for transmission at user i is P
(k)
si , which needs to satisfy a total power constraint:∑
k∈Ni
P (k)si ≤ Psi , (4.1)
where Psi is the total available transmission power at user i.
After the subcarrier mapping and power allocation, the frequency-domain signal on
subcarrier k is denoted by X
(k)
si , k ∈ Ni. X(k)si is then transformed back into time domain
by the N -point inverse DFT (IDFT) before transmitting to the channel.
4.2.2 Received and Transmitted Signals at the RS
The sequence of the time domain signals received at the RS is first transformed into the
frequency domain by the N -point DFT. Denote Y
(k)
r , k ∈ Ni as the frequency-domain
representation of the received signal on subcarrier k at the RS, which is given by
Y (k)r = H
(k)
sir
X(k)si +W
(k)
r , (4.2)
where W
(k)
r with variance σ2r is the DFT of the additive white Gaussian noise received at
the RS.
The frequency domain equalization technique is utilized at the RS in order to mitigate
the frequency selective fading effect induced by the wireless propagation channel. Then
the sequence is transformed back to the time domain, denoted by yr(u), u = 1, . . . , Ni,
for decoding, and the decoded message will be encoded and transmitted in the subsequent
transmission block.
Upon receiving the signals from the users, the full-duplex RS transmits a sequence,
xr(u), u = 1, . . . , Ni, to the SC-FDMA transmitter for cooperative transmission of user
60
i’s message. The same set of subcarriers Ni is selected at the RS for the transmission of
user i’s message. The frequency domain representation of the transmitted signal on the
kth subcarrier is X
(k)
r , k ∈ Ni, and the power allocated to the kth subcarrier is P (k)r , which
satisfies: ∑
k∈N
P (k)r ≤ Pr, (4.3)
where Pr is the total transmission power at the RS.
4.2.3 Received Signals at the eNB
The received signal at the eNB on subcarrier k is the superposition of the signal from the
user and the signal from the RS, i.e.,
Y
(k)
d = H
(k)
sid
X(k)si +H
(k)
rd X
(k)
r +W
(k)
d , (4.4)
where W
(k)
d is the additive white Gaussian noise received at the eNB on subcarrier k, and
the variance is given by σ2d.
The corresponding time domain symbols after the transformation for decision is denoted
by the vector yd(u), u = 1, . . . , Ni.
4.3 Achievable Rates of the SC-FDMA Relay System
To avoid propagating noise and to improve the transmission rate, the decode-and-forward
RS is deployed to cooperate with the UE to transmit the signals to the eNB. The achievable
rate in the AWGN channel is attained by the joint superposition coding which maximizes
the cooperation between the source and the relay. In this section, we consider the joint
superposition coding with equalization techniques in the SC-FDMA system and derive the
expressions of the achievable rate for ZF and MMSE equalization, respectively.
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4.3.1 Joint Encoding
As shown in Section 2.2.2, the joint superposition encoding process of the relay channel
consists of a consecutive B blocks of transmission, indexed by b = 1, . . . , B. In each
transmission block, two independent code words, ~x0 and ~x1 containing Ni i.i.d. random
variables, are employed. RS transmits ~x1 with its full transmission power while UE trans-
mits a superposition of ~x0 and ~x1 to achieve the cooperation, i.e.,
~xsi =
√
β ~x0 +
√
β¯ ~x1,
~xr = ~x1, (4.5)
where 0 ≤ β ≤ 1 is the power dividing parameter and β¯ = 1− β.
After transforming the codes into frequency domain and performing subcarrier mapping
and power allocation by the transmitter, the symbols transmitted on the kth subcarrier at
the UE and RS are given by
X(k)si =
√
P
(k)
si (
√
βX
(k)
0 +
√
β¯X
(k)
1 ),
X(k)r =
√
P
(k)
r X
(k)
1 , (4.6)
where X
(k)
0 and X
(k)
1 are the frequency domain representations of ~x0 and ~x1 on the kth
subcarrier, respectively.
4.3.2 Decoding at the RS
At the end of each transmission block, the relay receives (in the frequency domain):
Y (k)r = H
(k)
sir
X(k)si +W
(k)
r
=
√
βP
(k)
si H
(k)
sir
X
(k)
0 +
√
β¯P
(k)
si H
(k)
sir
X
(k)
1 +W
(k)
r . (4.7)
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To eliminate the intersymbol interference and achieve similar performance of OFDMA
with the same overall complexity, frequency domain equalization is performed before the
signals are transformed and decoded in the time domain. ZF and MMSE are the two
commonly used frequency domain equalization techniques in the SC-FDMA system. ZF
equalization can completely eliminate the ISI with a simple structure. However, it degrades
the system performance due to noise enhancement. Superior performance can be achieved
using the MMSE equalization [48, 49]. In the following, the achievable rate of the SC-
FDMA relay system is derived for both ZF and MMSE equalization techniques.
ZF equalization
If zero-forcing equalization technique is employed at the receiver of RS, the output signal
of the equalizer on subcarrier k is given by
Z(k)r =
Y
(k)
r√
βP
(k)
si H
(k)
sir
=X
(k)
0 +
√
β¯/βX
(k)
1 +
W
(k)
r√
βP
(k)
si H
(k)
sir
. (4.8)
The decoding process is carried out in the time domain. After the subcarrier de-
mapping and IDFT, the uth element of the time-domain sequence ~zr is given by
zr(u) =
1√
Ni
Ni∑
k=1
Z(k)r e
j2piku/Ni
= x0(u) +
√
β¯/β · x1(u) + 1√
Ni
∑
k
W
(k)
r√
βP
(k)
si H
(k)
sir
ej2piku/Ni . (4.9)
Since ~x1 is the RS’s transmitted symbol in the current transmission block, the unknown
information in this channel is ~x0. Therefore, at the end of the transmission block b, the RS
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needs to decode ~x0 and wb, where wb will be re-encoded and transmitted in the subsequent
transmission block by the RS. The maximum achievable rate for the RS to decode x0 is
given by
RZFr =I(X0;Zr|X1)
=C
(( 1
Ni
∑
k
σ2r
βP
(k)
si |H(k)sir |2
)−1)
, (4.10)
where C(x) = log2(1 + x).
MMSE equalization
Unlike ZF equalization, MMSE equalization technique also suppresses noise, thus it can
achieve higher transmission rate. The output of an MMSE equalizer on the kth subcarrier
is given by
Z(k)r =
√
βP
(k)
si H
(k)∗
sir
βP
(k)
si |H(k)sir |2 + σ2r
Y (k)r
=
βP
(k)
si |H(k)sir |2
βP
(k)
si |H(k)sir |2 + σ2r
X
(k)
0 +
√
ββ¯P
(k)
si |H(k)sir |2
βP
(k)
si |H(k)sir |2 + σ2r
X
(k)
1 +
√
βP
(k)
si H
(k)∗
sir
βP
(k)
si |H(k)sir |2 + σ2r
W (k)r . (4.11)
The uth element of the time-domain sequence ~zr is given by
zr(u) =
1√
Ni
∑
k
βP
(k)
si |H(k)sir |2
βP
(k)
si |H(k)sir |2 + σ2r
X
(k)
0 e
j2piku/Ni
+
1√
Ni
∑
k
√
ββ¯P
(k)
si |H(k)sir |2
βP
(k)
si |H(k)sir |2 + σ2r
X
(k)
1 e
j2piku/Ni
+
1√
Ni
∑
k
√
βP
(k)
si H
(k)∗
sir
βP
(k)
si |H(k)sir |2 + σ2r
W (k)r e
j2piku/Ni . (4.12)
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Let
λ =
1
Ni
∑
k
βP
(k)
si |H(k)sir |2
βP
(k)
si |H(k)sir |2 + σ2r
. (4.13)
To decode ~x0, the achievable rate is then given by
RMMSEr = C
( λ2
λ− λ2
)
= C
( 1
Ni
∑
k
βP
(k)
si
|H(k)sir |2
βP
(k)
si
|H(k)sir |2+σ2r
1− 1
Ni
∑
k
βP
(k)
si
|H(k)sir |2
βP
(k)
si
|H(k)sir |2+σ2r
)
= C
([( 1
Ni
∑
k
βP
(k)
si |H(k)sir |2
βP
(k)
si |H(k)sir |2 + σ2r
)−1
− 1
]−1)
. (4.14)
4.3.3 Decoding at the eNB
On the kth subcarrier, the destination eNB receives the superposition of the UE signal and
the relay signal, i.e.,
Y
(k)
d = H
(k)
sid
X(k)si +H
(k)
rd X
(k)
r +W
(k)
d
=
√
βP
(k)
si H
(k)
sid
X
(k)
0 +W
(k)
d +
(√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
)
X
(k)
1 . (4.15)
At the end of transmission block b, the eNB decodes the previous block’s message wb−1
in two steps based on the received signals of block b and b − 1. Denote the time domain
symbol for decoding as zd. First, ~x1 from block b is decoded at rate Rd1 = I(X1;Zd) while
treating ~x0 as noise. Then based on the decoded ~x1, ~x0 from block b − 1 and wb−1 are
decoded at rate Rd = I(X0;Zd|X1)+Rd1 = I(X0, X1;Zd). The structure of the equalization
and decoding process at the eNB in the SC-FDMA system is shown in Fig. 4.3.
At the receiver during each transmission block, the frequency-domain sequence after the
N -point DFT goes into two parallel equalizers. The first equalizer is designed to equalize
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Figure 4.3: Equalization and decoding process at the eNB.
X
(k)
1 and the second equalizer is for X
(k)
0 equalization. Combined with the decoded ~x1 from
block b, the joint decoding process in block b− 1 is able to decode ~x0 and wb−1.
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ZF equalization
The output signal of a ZF equalizer to equalize X
(k)
1 is given by
Z
(k)
d1 =
Y
(k)
d√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
= X
(k)
1 +
√
βP
(k)
si H
(k)
sid√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
X
(k)
0 +
1√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
W
(k)
d . (4.16)
Therefore, the uth element of the time domain signal ~zd1 is the IDFT of Z
(k)
d1 , which is
given by
zd1(u) = x1(u) + IDFT
( √
βP
(k)
si H
(k)
sid√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
X
(k)
0
)
+ IDFT
(
1√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
W
(k)
d
)
. (4.17)
The maximum achievable rate for the eNB to decode ~x1 is thus given by
RZFd1 = I(X1;Zd1)
= C
((
1
Ni
∑
k
βP
(k)
si |H(k)sid |2 + σ2d∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2
)−1)
. (4.18)
Then, we decode ~x0 and the message wb−1. The output signal of the equalizer for X
(k)
0
on the kth subcarrier is given by
Z
(k)
d2 =
Y
(k)
d√
βP
(k)
si H
(k)
sid
= X
(k)
0 +
1√
βP
(k)
si H
(k)
sid
W
(k)
d +
√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd√
βP
(k)
si H
(k)
sid
X
(k)
1 . (4.19)
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The uth element of the time domain signal after the IDFT can be written as
zd2(u) = x0(u) + IDFT
(
1√
βP
(k)
si H
(k)
sid
W
(k)
d
)
+ IDFT
(√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd√
βP
(k)
si H
(k)
sid
X
(k)
1
)
.
(4.20)
Then, the total achievable rate for the destination to decode ~x0 and wb−1 with ZF
equalization is given by
RZFd = I(X0;Zd2|X1) +RZFd1
= C
((
1
Ni
∑
k
σ2d
βP
(k)
si |H(k)sid |2
)−1)
+ C
((
1
Ni
∑
k
βP
(k)
si |H(k)sid |2 + σ2d∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2
)−1)
.
(4.21)
MMSE equalization
If MMSE equalization is employed at the receiver, the output signal of the equalizer for
X
(k)
1 is given by
Z
(k)
d1 =
(√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
)∗
∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2 + σ2dY
(k)
d
=
∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2 + σ2dX
(k)
1
+
√
βP
(k)
si H
(k)
sid
(√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
)∗
∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2 + σ2d X
(k)
0
+
(√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
)∗
∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2 + σ2dW
(k)
d . (4.22)
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By the same argument, the signal is then transformed into the time domain by the
IDFT for decision. Let
λ1 =
1
Ni
∑
k
∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2 + σ2d . (4.23)
The decoding rate for ~x1 at the eNB is thus given by
RMMSEd1 = C
(
λ1
1− λ1
)
= C
([(
1
Ni
∑
k
∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2 + σ2d
)−1
− 1
]−1)
. (4.24)
The output signal of the MMSE equalizer for X
(k)
0 is given by
Z
(k)
d2 =
√
βP
(k)
si H
(k)∗
sid
βP
(k)
si |H(k)sid |2 + σ2d
Y
(k)
d
=
βP
(k)
si |H(k)sid |2
βP
(k)
si |H(k)sid |2 + σ2d
X
(k)
0 +
√
βP
(k)
si H
(k)∗
sid
βP
(k)
si |H(k)sid |2 + σ2d
W
(k)
d
+
√
βP
(k)
si H
(k)∗
sid
(√
β¯P
(k)
si H
(k)
sid
+
√
P
(k)
r H
(k)
rd
)
βP
(k)
si |H(k)sid |2 + σ2d
X
(k)
1 . (4.25)
Denote λ2 as
λ2 =
1
Ni
∑
k
βP
(k)
si |H(k)sid |2
βP
(k)
si |H(k)sid |2 + σ2d
. (4.26)
The maximum achievable rate for decoding ~x0 and wb−1 at the eNB with MMSE equal-
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ization can be calculated as
RMMSEd = C
(
λ2
1− λ2
)
+RMMSEd1
= C
([( 1
Ni
∑
k
βP
(k)
si |H(k)sid |2
βP
(k)
si |H(k)sid |2 + σ2d
)−1
− 1
]−1)
+
C
([(
1
Ni
∑
k
∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2∣∣∣√β¯P (k)si H(k)sid +√P (k)r H(k)rd ∣∣∣2 + σ2d
)−1
− 1
]−1)
. (4.27)
4.3.4 Achievable Rates
The maximum achievable rate for user i to transmit in the SC-FDMA system with the help
of a relay station is the minimum of the RS decoding rate and the eNB decoding rate. If
ZF equalization technique is utilized, the achievable rate for user i’s transmission is given
by
RZFi = max
0<β<1
min
{
RZFr , R
ZF
d
}
, (4.28)
and the achievable rate with MMSE equalization technique is
RMMSEi = max
0<β<1
min
{
RMMSEr , R
MMSE
d
}
. (4.29)
4.4 Power Allocation for Throughput Maximization
Based on the achievable rate of the SC-FDMA relay system derived in the previous section,
we allocate transmission power among the subcarriers at both UE and RS to maximize the
cooperation gain and the overall throughput of the system.
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The problem can be modeled mathematically as the following optimization problem:
max
P
(k)
si
,P
(k)
r
∑
i∈M
Ri
subject to
∑
k∈Ni
P (k)si ≤ Psi ,∀i ∈M∑
k∈N
P (k)r ≤ Pr
P (k)si ≥ 0, for all k, i
P (k)r ≥ 0, for all k. (4.30)
The objective is to maximize the summation of the uplink achievable rates of all users
in the network. For uplink transmission, each user has its individual power constraint.
The relay’s transmission power on all subcarriers satisfy a total power constraint.
Since (4.30) is a max-min problem, generally it is very difficult to solve. However, as
each user occupies an exclusive set of subcarriers and has individual power constraint, this
problem can be decomposed into a two-layer power allocation problem. We first maximize
the achievable rate of a single user through allocating power among its assigned subcarriers
at both UE and RS assuming a fixed power constraint at the RS for the user, i.e.,
max
P
(k)
si
,P
(k)
r
Ri
subject to
∑
k∈Ni
P (k)si ≤ Psi∑
k∈Ni
P (k)r ≤ Pri
P (k)si ≥ 0, for all k
P (k)r ≥ 0, for all k. (4.31)
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In (4.31), the total power available for relaying user i’s information at the RS is denoted
as Pri . In the second subproblem, the RS distributes its total available transmission power
among all users to maximize the overall throughput, i.e.,
max
Pri
∑
i∈M
Ri
subject to
∑
i∈M
Pri ≤ Pr
Pri ≥ 0, for all i. (4.32)
In the following, we consider the uplink SC-FDMA system employing ZF and MMSE
equalization techniques separately and solve the two-layer optimization problem accord-
ingly.
4.4.1 Power Allocation with ZF Equalization
The objective is to solve the two-layer optimization problem when a ZF equalization is
utilized. In the uplink communication systems, the function and transmission power of
the transmitters are normally both very limited. To simplify the transmitter design, we
focus on the asynchronous relaying case with the power dividing parameter β = 1, i.e., the
source and the relay use independent codes.
In the asynchronous case, the single user’s uplink achievable rate can be written as:
RZFi = min
{
C
(( 1
Ni
∑
k
σ2r
P
(k)
si |H(k)sir |2
)−1)
,
C
(( 1
Ni
∑
k
P
(k)
si |H(k)sid |2 + σ2d
P
(k)
r |H(k)rd |2
)−1)
+ C
(( 1
Ni
∑
k
σ2d
P
(k)
si |H(k)sid |2
)−1)}
, (4.33)
where the first term denotes the relay decoding rate and the second term represents the
eNB decoding rate.
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Consider that in the uplink communications, the transmission power at the relay station
is normally much greater than the available power at the mobile terminal, i.e., P
(k)
r >>
P
(k)
si , which means that the relay decoding rate is the bottleneck of the achievable rate
for user i. Since the relay decoding rate only depends on the allocated user transmission
power, (4.31) can be solved in two steps. First, we try to find the optimal power allocation
among the assigned subcarriers at the UE to maximize the relay decoding rate, thus to
maximize the upper bound of user i’s achievable rate. Then, the optimal allocation of RS
transmission power on each subcarrier can be determined to ensure that this upper bound
is achievable.
To find the optimal power allocation at the UE, it is equivalent to solve the following
optimization problem:
min
P
(k)
si
∑
k∈Ni
σ2r
P
(k)
si |H(k)sir |2
subject to
∑
k∈Ni
P (k)si ≤ Psi
P (k)si ≥ 0. (4.34)
Since (4.34) is a convex optimization problem, the Kuhn-Tucker condition (KKT con-
dition) characterizes the necessary and sufficient condition that the optimal solution needs
to satisfy. The Lagrangian can be written as
L =
∑
k∈Ni
σ2r
P
(k)
si |H(k)sir |2
+ λ
(∑
k∈Ni
P (k)si − Psi
)
, (4.35)
and the KKT condition is given by
∂L
∂P
(k)
si
= λ− σ
2
r
|H(k)sir |2
1
P
(k)
si
2 = 0, (4.36)
where λ is chosen to satisfy the UE’s transmission power constraint
∑
k∈Ni P
(k)
si ≤ Psi .
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Solving (4.36), the optimal P
(k)∗
si is given by
P (k)∗si =
Psi
|H(k)sir | ·
∑
k∈Ni |H
(k)
sir |
−1 . (4.37)
Then, the optimal P
(k)∗
r should maximize the eNB decoding rate with P
(k)∗
si given
in (4.37). Specifically, P
(k)∗
r can be obtained by the KKT condition with the following
Lagrangian:
L =
∑
k∈Ni
P
(k)
si |H(k)sid |2 + σ2d
P
(k)
r |H(k)rd |2
+ µ
(∑
k∈Ni
P (k)r − Pri
)
. (4.38)
The KKT condition is given by
∂L
∂P
(k)
r
= µ− P
(k)
si |H(k)sid |2 + σ2d
P
(k)
r |H(k)rd |2
· 1
P
(k)
r
2 = 0, (4.39)
where µ is chosen to satisfy the RS power constraint
∑
k∈Ni P
(k)
r ≤ Pri .
Solving (4.39), the optimal P
(k)∗
r is given by
P (k)∗r =
Pri∑
k∈Ni
√
P
(k)∗
si
|H(k)sid|
2+σ2d
|H(k)rd |
·
√
P
(k)∗
si |H(k)sid |2 + σ2d
|H(k)rd |
. (4.40)
To solve subproblem (4.32), we need to allocate the RS transmission power among users
to maximize the overall throughput of the system. Consider that the available transmission
power at the RS is sufficient enough compared with the total power at the UE, and the
eNB decoding rate increases with Pri while the RS decoding rate remains unchanged.
The optimal P ∗ri is the smallest value that can make the eNB decoding rate equal the
RS decoding rate, thus the upper bound of each user’s achievable rate can be achieved.
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Therefore, the optimal RS transmission power for relaying user i’s information P ∗ri can be
attained by solving the following equation:
C
(( 1
Ni
∑
k
P
(k)∗
si |H(k)sid |2 + σ2d
P
(k)∗
r |H(k)rd |2
)−1)
= C
(( 1
Ni
∑
k
σ2r
P
(k)∗
si |H(k)sir |2
)−1)
− C
(( 1
Ni
∑
k
σ2d
P
(k)∗
si |H(k)sid |2
)−1)
. (4.41)
4.4.2 Power Allocation with MMSE Equalization
The single user’s achievable rate in the asynchronous relaying case when MMSE equaliza-
tion technique is employed is given by
RMMSEi = min
{
C
([( 1
Ni
∑
k
P
(k)
si |H(k)sir |2
P
(k)
si |H(k)sir |2 + σ2r
)−1
− 1
]−1)
,
C
([( 1
Ni
∑
k
P
(k)
r |H(k)rd |2
P
(k)
r |H(k)rd |2 + σ2d
)−1
− 1
]−1)
+ C
([( 1
Ni
∑
k
P
(k)
si |H(k)sid |2
P
(k)
si |H(k)sid |2 + σ2d
)−1
− 1
]−1)}
.
(4.42)
When P
(k)
r >> P
(k)
si , the relay decoding rate is the bottleneck of (4.42). To find the
optimal user transmission power allocation to maximize the relay decoding rate, we first
solve the following optimization problem:
max
P
(k)
si
∑
k∈Ni
P
(k)
si |H(k)sir |2
P
(k)
si |H(k)sir |2 + σ2r
subject to
∑
k∈Ni
P (k)si ≤ Psi
P (k)si ≥ 0. (4.43)
(4.43) is also a convex optimization problem and can be solved by the KKT condition.
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The Lagrangian is given by
L =
∑
k∈Ni
P
(k)
si |H(k)sir |2
P
(k)
si |H(k)sir |2 + σ2r
− λ
(∑
k∈Ni
P (k)si − Psi
)
, (4.44)
and the KKT condition is given by
∂L
∂P
(k)
si
=
|H(k)sir |2σ2r(
P
(k)
si |H(k)sir |2 + σ2r
)2 − λ = 0, (4.45)
where λ is determined by the transmission power constraint at user i, i.e.,
∑
k∈Ni P
(k)
si ≤ Psi .
Hence the optimal P
(k)∗
si is a water-filling solution given by
P (k)∗si =
(
σr
|H(k)sir |
√
λ
− σ
2
r
|H(k)sir |2
)+
, (4.46)
where function (·)+ is defined as
(x)+ =
 x, if x ≥ 0;0, if x < 0. (4.47)
The optimal power allocated to subcarrier k at the RS, P
(k)∗
r , needs to maximize the
eNB decoding rate with P
(k)∗
si given in (4.46). P
(k)∗
r can be obtained by the KKT condition.
The Lagrangian is given by
L =
∑
k∈Ni
P
(k)
r |H(k)rd |2
P
(k)
r |H(k)rd |2 + σ2d
− µ
(∑
k∈Ni
P (k)r − Pri
)
. (4.48)
The KKT condition can be written as
∂L
∂P
(k)
r
=
|H(k)rd |2σ2d(
P
(k)
r |H(k)rd |2 + σ2d
)2 − µ = 0, (4.49)
where µ is chosen to satisfy the transmission power constraint at the RS, i.e.,
∑
k∈Ni P
(k)
r ≤
Pri .
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The optimal P
(k)∗
r is also a water-filling solution given by
P (k)∗r =
(
σd
|H(k)rd |
√
µ
− σ
2
d
|H(k)rd |2
)+
. (4.50)
To maximize the overall throughput of the system, the optimal RS transmission power
allocated for relaying user i’s message, P ∗ri , is the smallest value that can achieve the upper
bound of user i’s achievable rate. Specifically, P ∗ri makes the user i’s RS decoding rate
equal the eNB decoding rate and thus can be obtained by solving the following equation:
C
([( 1
Ni
∑
k
P
(k)∗
r |H(k)rd |2
P
(k)∗
r |H(k)rd |2 + σ2d
)−1
− 1
]−1)
=C
([( 1
Ni
∑
k
P
(k)∗
si |H(k)sir |2
P
(k)∗
si |H(k)sir |2 + σ2r
)−1
− 1
]−1)
− C
([( 1
Ni
∑
k
P
(k)∗
si |H(k)sid |2
P
(k)∗
si |H(k)sid |2 + σ2d
)−1
− 1
]−1)
.
(4.51)
4.5 Numerical Results
To verify the derived uplink achievable rates and evaluate the performance of the pro-
posed power allocation schemes in SC-FDMA system, we present our numerical results
considering practical network scenarios.
We consider that all wireless channels suffer from independent frequency selective fading
and each subcarrier is subject to frequency flat Rayleigh fading. In our simulation, a
typical urban area propagation model with 9 paths specified in [50] is employed, and the
parameters are listed in Table 4.1.
Fig. 4.4 shows the RS decoding rate and the eNB decoding rate derived with different
values of the power dividing parameter β for both ZF equalization and MMSE equalization
in a single user SC-FDMA system. The uplink user equipment is allocated with one
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Table 4.1: Relative power of the delay profile.
Delay (µs) 0.0 0.05 0.12 0.2 0.23 0.5 1.6 2.3 5.0
Power (dB) -1.0 -1.0 -1.0 0.0 0.0 0.0 -3.0 -5.0 -7.0
resource block, i.e., 12 consecutive subcarriers, for transmission. The transmission power
is 15dBm at both UE and RS, and is equally assigned to all allocated subcarriers. The
noise variance received at the RS on each subcarrier is normalized to 1, and the noise
variance at the eNB is 2.
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Figure 4.4: RS decoding rate and eNB decoding rate with ZF and MMSE equalization.
It can be seen that MMSE equalization generally achieves higher rate than ZF equal-
ization due to noise suppression. The user’s achievable rate is the minimum of its RS
decoding rate and eNB decoding rate. The maximum achievable rate is achieved with the
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optimal power dividing parameter which ensures that the user’s RS decoding rate equals
its eNB decoding rate.
Fig. 4.5 shows the maximum achievable rate of a single user in both OFDMA and
SC-FDMA systems with MMSE and ZF equalization techniques. We compare the derived
achievable rate of the decode-and-forward relay channel with the single user’s capacity
of the direct transmission without the help of RSs. The single user’s achievable rate of
the relay channel in OFDMA networks is calculated based on equation (4) in [51]. The
capacity of the SC-FDMA system is determined according to equation (9) and (12) for
ZF equalization and MMSE equalization, respectively. The total transmission power at
the UE and RS ranges from 20dBm to 30dBm for the relaying case while the UE power
matches the total transmission power for the direct transmission case in order to conduct
a fair comparison. The transmission power is equally distributed on all subcarriers in both
cases. The rest of the simulation parameters remain unchanged.
In Fig. 4.5, it can be seen that the spectrum efficiency of both SC-FDMA and OFDMA
systems with and without relay stations increases with the total transmission power. In
wireless environment, OFDMA achieves higher rate than SC-FDMA due to the parallel
transmission structure of OFDMA signals. Fig. 4.5 also shows that the cooperative trans-
mission with the help of a decode-and-forward relay can significantly improve the user rate
compared with non-cooperative transmission, which demonstrates the benefits of deploying
relay stations in the cellular network.
To evaluate the performance of our proposed power allocation schemes for both ZF
and MMSE equalization, we first compare the single user’s achievable rate achieved by
our proposed power allocation schemes with an equal power allocation scheme, which is
most commonly employed for deriving capacity and resource allocation schemes [28,29] as
shown in Fig. 4.6. The equal power allocation scheme assigns the transmission power at
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Figure 4.5: Rate comparison of SC-FDMA and OFDMA relay systems.
both UE and RS equally to all subcarriers. Consider that the transmission power at the
UE is 25dBm and the transmission power at the RS for each user is fixed and ranges from
30dBm to 45dBm.
It can be seen that our proposed power allocation schemes can improve the single user’s
achievable rate for both ZF and MMSE equalization compared with the equal power al-
location scheme. As the RS’s transmission power increases, the eNB decoding rate rises
accordingly while the RS decoding rate remains unchanged. Thus, the single user’s achiev-
able rate reaches an upper bound, which is determined by the RS decoding rate.
Fig. 4.7 compares the overall throughput of our proposed power allocation schemes
and the equal power allocation scheme in the uplink transmission of a cellular network.
The RS’s total available transmission power is 50dBm, which would be allocated among
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Figure 4.6: Comparison of single-user uplink achievable rates.
all users according to (4.41) and (4.51). Some simulation parameters are summarized in
Table 4.2:
As the transmission bandwidth is sufficient since each user occupies only one resource
block, the throughput achieved by our proposed power allocation schemes and equal power
allocation scheme increases with the number of users for both ZF and MMSE equaliza-
tion. It can be seen that our proposed power allocation schemes outperform the equal
power allocation scheme drastically, especially in the MMSE equalization scenario. The
ZF equalization shows a poor noise performance and the improvement is relatively limited
as the noise contributions of highly attenuated subchannels are rather large, which limits
the overall system performance.
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Table 4.2: Uplink cellular network simulation parameters.
Parameter Value
Cellular layout Hexagonal grid, 6 sectors per cell
Relay station layout 1 relay station per sector
Relay protocol Decode-and-Forward
Transmission bandwidth 20MHz
Subcarrier separation 15kHz
] of subcarriers in a resource block 12
Carrier frequency 2GHz for uplink
Channel model Frequency selective Rayleigh fading
UE distribution Uniformly random
UE transmission power 25dBm
RS transmission power 50dBm
4.6 Summary
In this chapter, we have studied the uplink cooperative transmission with Type II in-band
decode-and-forward relays and power allocation to improve the transmission efficiency in
an uplink LTE-Advanced cellular system. As SC-FDMA is the physical layer technique for
the LTE-Advanced system, the capacity and resource allocation schemes for the downlink
OFDMA system cannot be applied directly to the SC-FDMA system. Therefore, we have
first studied the joint superposition coding and derived the expressions of the achievable
rate of an uplink SC-FDMA system with both ZF and MMSE equalization. We then
have proposed optimal power allocation schemes to maximize the overall throughput of
the system.
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Figure 4.7: Comparison of the overall throughput in an uplink cellular network.
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Chapter 5
Optimizing Network Sustainability
and Efficiency in Green Cellular
Networks
In this chapter, we study the resource allocation in a device-to-device communication
underlaying green cellular network to improve the cellular network’s throughput while
maintaining the network sustainability and guaranteeing users’ QoS requirement.
5.1 System Configuration
5.1.1 Green Cellular Network
With astronomical escalation of mobile terminals, the cellular industry has unprecedented
growth of data traffic requirement, which leads to enormous energy consumption. In 2011,
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more than 4 million base stations have been deployed to provide services for mobile users,
causing an extremely high energy consumption of 25MWh per year in average [52]. Among
the devices of cellular networks, the base stations (BSs) occupy almost 60% of the whole
network’s energy consumption [53], and more than 90% of peak energy is consumed even
when a BS is idle [54]. Nowadays, the energy cost of cellular networks has become a
significant portion of the operational expenditure with the increase of energy price. For
example, the operation cost of a BS powered by electrical grid is approximately 3000
US dollars per year, and the cost may be ten times more if BSs are powered by diesel
power generators in the rural area [52]. The rising energy costs and carbon footprint
of operating cellular networks is motivating the standardization authorities and network
operators to continuously explore future technologies in order to bring improvements in
the entire network infrastructure.
To provide sustainable and clean power, eco-friendly green energy, e.g., solar, wind and
hydro, is emerging as a popular substitute of traditional energy. Combining the advances
of wireless technology with green energy, green base stations, i.e., base stations powered
by green energy, are anticipated to be widely deployed to construct the future-generation
cellular networks. In traditional electricity grid based cellular networks, the base stations
are generally powered by limited yet stable resources, e.g., coal, petroleum and natural gas.
The most critical research issue in this field is to maximize the energy efficiency, such that
the energy utilization can be improved. However, unlike traditional energy, green energy
highly depends on its location, local weather and time, which is naturally sustainable
and highly dynamic. For example, the harvested energy by solar panels has a world of
difference in daytime and night within the same day, which also varies at different locations
depending on the intensity of solar radiation. The dynamic capability and availability of
green energy may cause intermittent power support for green base stations, which have
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shifted the fundamental design criterion and the main performance metric of green cellular
networks from energy efficiency to energy sustainability. Therefore, how to efficiently
allocate harvested energy to ensure the network sustainability and fulfill the explosively
increasing user demand has become an essential research issue.
5.1.2 Device-to-Device Communication
As energy consumption is a critical concern in future-generation cellular networks, one of
the schemes that is being considered to oﬄoad the cellular traffic and to improve user
experience and resource utilization is the device-to-device communications, which is a
feature appeared in LTE Release 12. LTE D2D communication is in a peer to peer manner,
which does not use the cellular network infrastructure, but enables LTE based devices to
communicate directly with one another when they are in close proximity. This form of
communication is used where direct communication is needed within a small area.
Direct communications between devices can provide several benefits to users in various
applications when the devices are in close proximity:
• Improved spectrum reuse and system throughput
If the D2D link is far away from active cellular users, the D2D communication link
could reuse the licensed spectrum in LTE network. Therefore, the spectrum utiliza-
tion and the system throughput could be improved.
• Improved reliability
Since LTE D2D communication does not rely on cellular infrastructure, devices are
able to communicate locally with each other to provide high reliability communica-
tions, especially if the LTE network has failed.
86
• Oﬄoading in cellular networks
D2D communications allow large volumes of data to be transferred from one device
to another over short distances and using a direct connection. This form of D2D link
could transfer data without overloading the cellular network.
• Improved energy efficiency
D2D communication could reduce the energy consumption of the base station and
improve the energy utilization of the entire network by employing lower transmission
power level as the distance of the communication is shorter.
5.1.3 Network Model
In this chapter, we combine both green technology and D2D communications to improve
the spectrum and energy efficiency in the cellular network. Specifically, we consider a
device-to-device communication underlaying cellular network as shown in Fig. 5.1. The
network consists of a set of wireless users and a single BS, where all the users are located
within the transmission range of the BS. The wireless channels of cellular network and
D2D communication are orthogonal with each other, thus the interference between cellular
network and D2D communication is ignorable. Wireless users can communicate with each
other by either cellular network through the BS or by direct data transmission through
device-to-device communication. As the BS occupies almost 60% energy consumption of
the whole network, a green BS, i.e., a BS powered by renewable energy, is equipped in the
network. Since the renewable energy is by nature intermittent and variable, the BS is as-
sociated with a rechargeable battery with large capacity to buffer the dynamically charged
energy and to provide a constant power output. To ensure the network connectivity, a
back up energy source, such as power grid or battery is also available at the BS to provide
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temporary power supply in some extreme cases when the harvested renewable energy is
unable to support reliable communication.
Device-to-Device  
Network 
Cellular Network 
Figure 5.1: A green device-to-device communication underlaying cellular network.
For device-to-device communication in the network, each mobile user can communicate
with all other users within the network, and has the same time period for transmission.
As the D2D communication is orthogonal to cellular radio, we consider that the green BS
functions as a relay in the D2D network and is capable of cooperation to further improve
the D2D transmission rate. In this chapter, we also adopt the DF protocol at the BS to
better exploit the broadcast nature of wireless signals, so that the source and the relay
are able to transmit at the same time and on the same frequency band to improve the
spectrum efficiency.
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In order to maintain fairness, each user has the same time period T for data transmis-
sion, which is scheduled by the BS through Time Division Multiple Access (TDMA) in a
synchronized manner. During each time period, only one source-destination pair, i.e., one
communication channel is permitted for transmission in the network. Suppose there are m
pairs in the network, represented byM = {1, . . . ,m}. Let i be the current active channel,
i = 1, . . . ,m. The source node, destination node and the BS for channel i are denoted as
si and di and r, respectively. As only one source-destination pair is allowed to transmit,
each transmission channel in this network forms a three-terminal relay channel. To avoid
the confusion, in the rest of this chapter, the term “BS” and “relay node” will be used
interchangeably.
In the D2D network, assume that all wireless channels are independent AWGN chan-
nels. The channel gain coefficients are denoted by hsir, hrdi and hsidi representing the
channel conditions for the source-BS, BS-destination and source-destination channels, re-
spectively. The channel gain coefficients can be obtained through a feedback channel in
cellular networks. Here, we assume that these coefficients can be estimated accurately at
the BS. The variances of independent Gaussian noises received at the relay node r and at
the destination node di are both normalized to 1.
Suppose the transmitting power at the source node is bounded by
1
S
S∑
t=1
x2si(t) ≤ P (i)s , (5.1)
and the transmitting power constraint for the relay node when channel i is active is
1
S
S∑
t=1
x2r(t) ≤ P (i)r . (5.2)
As shown in Section 2.2.2, when channel i is active, the highest achievable rate of the
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relay channel is given by
R(i) = max
p(xsi ,xr)
min{I(Xsi ;Yr|Xr), I(Xsi , Xr;Ydi)}
= max
0≤β≤1
min
{
1
2
log
(
1 + |hsir|2βP (i)s
)
,
1
2
log
(
1 + |hsidi |2βP (i)s +
(√
|hsidi |2β¯P (i)s +
√
|hrdi |2P (i)r
)2)}
. (5.3)
5.2 Rate Maximization
As each single user’s achievable rate can be improved by optimally adapting the trans-
mission power, in this section, we consider two types of power constraints, depending on
whether wireless users are capable of adjusting their transmission power, and present the
optimal power adaptation schemes and the maximum single link’s achievable rates sepa-
rately.
• Both wireless users and BS can adopt different power levels for data transmission. We
aim to maximize the transmission efficiency, i.e., to maximize the overall transmission
rate of the channel under a total power constraint.
• Only BS is able to adjust its power level and all wireless users transmit with a fixed
power. In this scenario, we will derive the optimal transmission power at the BS in
terms of maximizing the transmission rate.
5.2.1 Rate Maximization under a Total Power Constraint
The objective is to allocate P
(i)
s and P
(i)
r under a total power consumption constraint P
(i)
tot ,
which is the maximum available transmission power for channel i. The problem can be
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formulated as the following optimization problem:
max
P
(i)
s ,P
(i)
r
R(i)
subject to P (i)s + P
(i)
r ≤ P (i)tot
P (i)s ≥ 0
P (i)r ≥ 0. (5.4)
The rate maximization problem under a total power constraint is similar to the power
dividing problem in a single-user relay channel shown in (3.7). As the detailed process of
solving this problem have been derived in Section 3.2, in this subsection, we only provide
the optimal power adaptation schemes and the maximum single link’s achievable rate.
Synchronous Case
In this case, the destination decoding rate is the bottleneck, and β < 1. Denote P
(i)
s1 =
βP
(i)
s and P
(i)
s2 = β¯P
(i)
s as the two components of P
(i)
s . Following the same argument in
Section 3.2, the optimal power adaptation scheme when |hsidi| ≤ |hsir| is given by
P (i)s1 =
|hsidi |2 + |hrdi |2
|hsir|2 + |hrdi|2
P
(i)
tot ,
P (i)s2 =
|hsidi |2(|hsir|2 − |hsidi |2)
(|hsidi |2 + |hrdi |2)(|hsir|2 + |hrdi |2)
P
(i)
tot ,
P (i)r =
|hrdi |2(|hsir|2 − |hsidi|2)
(|hsidi |2 + |hrdi |2)(|hsir|2 + |hrdi |2)
P
(i)
tot . (5.5)
With the optimal power adaptation scheme, the maximum single link’s achievable rate
in the synchronous case is given by
R(i)sync =
1
2
log
(
1 +
|hsir|2(|hsidi |2 + |hrdi |2)
|hsir|2 + |hrdi |2
· P (i)tot
)
. (5.6)
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If |hsidi | > |hsir|, the source-destination channel has a better channel condition. In
this case, the BS does not help the source-destination transmission to avoid the waste of
resources, and the highest end user rate (channel capacity) for non-cooperative transmission
is
R
(i)
dir =
1
2
log
(
1 + |hsidi |2P (i)s
)
. (5.7)
Asynchronous Case
The source and the relay employ independent codes, so that β = 1. When |hsidi | ≤ |hsir|,
the following power adaptation scheme is optimal:
P (i)s =
|hrdi |2
|hsir|2 − |hsidi |2 + |hrdi |2
P
(i)
tot ,
P (i)r =
|hsir|2 − |hsidi |2
|hsir|2 − |hsidi |2 + |hrdi |2
P
(i)
tot , (5.8)
and the maximum single link’s achievable rate in the asynchronous case is given by
R(i)asyn =
1
2
log
(
1 +
|hsir|2|hrdi |2
|hsir|2 − |hsidi|2 + |hrdi |2
· P (i)tot
)
. (5.9)
Remark 1. The optimal cooperation strategy and power adaptation scheme to maximize
the achievable rate depends on the channel conditions and the locations of the users. For
example, in the AWGN environment with path loss, if BS is closer to the source, the power
allocation for the synchronous case achieves higher rate; otherwise, the power allocation
scheme for the asynchronous case achieves higher rate.
5.2.2 Rate Maximization under BS Power Constraint
Suppose all users have a fixed transmission power P
(i)
s = Ps and only BS can adjust its
power level based on the harvested energy and the QoS requirement. Then, the rate
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maximization problem under BS power constraint is formulated as:
max
P
(i)
r
R(i)
subject to P (i)s = Ps
P (i)r ≤ Pr, (5.10)
where Pr is the maximum transmission power at the BS.
Intuitively, the achievable rate R(i) always improves with the BS transmission power.
However, since the relay decoding rate is independent of P
(i)
r , in this problem, we are
interested in how R(i) changes with BS transmission power P
(i)
r . When the power level at
the BS is known, the source node will adapt its transmission power accordingly by choosing
proper β to maximize the achievable rate.
As shown in Section 5.2.1, when |hsidi | > |hsir|, the source transmits to the destination
directly. Therefore, we only discuss the power adaptation scheme for the source and the
BS to maximize the achievable rate when |hsidi | ≤ |hsir|.
In the synchronous case, the relay decoding rate is the dominant one, so the source node
will choose 0 < β < 1 to balance the relay decoding rate and the destination decoding
rate. In this case, R(i) increases with P
(i)
r , so the maximum is achieved when P
(i)
r = Pr. In
the asynchronous case, the relay decoding rate will become the bottleneck, so β = 1.
Synchronous Case
In this case, the maximum rate is achieved when P
(i)
r = Pr and
|hsir|2βPs = |hsidi |2βPs +
(√
|hsidi |2β¯Ps +
√
|hrdi |2Pr
)2
. (5.11)
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Solving (5.11) for β, we can get
β =
|hsidi|2|hrdi |2
|hsir|4Ps
·
(√
|hsir|2Ps − |hrdi |2Pr
|hrdi|2
+
√
(|hsir|2 − |hsidi|2)Pr
|hsidi |2
)2
. (5.12)
The condition for this case to happen is
Pr <
|hsir|2 − |hsidi |2
|hrdi |2
Ps. (5.13)
Therefore, the maximum rate is given by
R(i)sync =
1
2
log
1 + |hsidi |2|hrdi |2|hsir|2 ·
(√
|hsir|2Ps − |hrdi |2Pr
|hrdi |2
+
√
(|hsir|2 − |hsidi|2)Pr
|hsidi |2
)2 .
(5.14)
Asynchronous Case
When Pr ≥ |hsir|
2−|hsidi |2
|hrdi |2
Ps, β = 1. Since the bottleneck is the relay decoding rate, improv-
ing P
(i)
r cannot increase the achievable rate. In this case, the maximum transmission rate
is a constant given by
R(i)asyn =
1
2
log
(
1 + |hsir|2Ps
)
, (5.15)
and the optimal transmission power at the BS is given by
P (i)r =
|hsir|2 − |hsidi |2
|hrdi |2
Ps. (5.16)
In conclusion, depending on the BS’s power output as well as its location, the maximum
achievable rate for the optimization problem (5.10) is given by
R(i) =

1
2
log
(
1 +
|hsidi |2|hrdi |2
|hsir|2
·
(√
|hsir|2Ps−|hrdi |2Pr
|hrdi |2
+
√
(|hsir|2−|hsidi |2)Pr
|hsidi |2
)2)
,
if Pr <
|hsir|2−|hsidi |2
|hrdi |2
Ps;
1
2
log (1 + |hsir|2Ps) , if Pr ≥ |hsir|
2−|hsidi |2
|hrdi |2
Ps.
(5.17)
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5.3 Power Allocation Considering Energy Buffer Dy-
namics
In green cellular network, the BS is equipped with a rechargeable energy battery to store
and release the harvested renewable energy. In this section, we take the dynamic energy
charging/discharging processes into consideration to allocate the maximum power output
P
(i)
r for each channel i.
5.3.1 Energy Buffer Model
Since the renewable energy is intrinsically intermittent, the charging process is a stochastic
process. Denote N(t) as the total harvested energy over time [0, t]. N(t) is non-decreasing
and its corresponding charging rate is λ(t). Considering the intermittency of the renew-
able energy sources, we assume that the charging rate changes over time and the charging
process is described as a non-homogeneous random process in this chapter. As the trans-
mission time for each channel is relatively short compared with the process, the charging
rate of the process during channel i’s transmission can be approximated as a constant λ(i).
The harvested energy at the BS is consumed for signal processing, coding and forward-
ing the information to the destination. The total transmission energy when channel i is
active can be calculated by
E(i) = P (i)r T, (5.18)
where T is the transmission time for channel i.
Suppose the energy used for signal processing and coding is a constant E0 for all time
periods. Denote V (t) as the total energy discharged over [0, t]. Then
V (t) =
E0t
T
+
∫ t
0
Pr(s)ds, (5.19)
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where Pr(s) = P
(i)
r when channel i is active at time s. The discharging rate of channel i is
thus a constant given by
µ(i) = P (i)r + E0/T. (5.20)
Denote C as the battery capacity, which is assumed to be large enough to store the
energy harvested within a time period. Then the energy stored in the buffer at time t is
given by
Q(t) = min[max[N(t)− V (t), 0], C]. (5.21)
Define D(Q
(i)
0 ) as the energy depletion time of the energy buffer with initial buffer
length Q
(i)
0 ,
D(Q
(i)
0 ) = inf(t ≥ 0|Q(t) = 0, Q(0) = Q(i)0 ), (5.22)
where inf{t ∈ T } denotes the infimum of set T .
Our objective is to design maximum transmission power for each channel while prevent-
ing the device-to-device communication network from battery energy depletion. Specifi-
cally, we intend to avoid energy buffer vacancy during each transmission period by deciding
the transmission power at the beginning of the period.
To achieve this goal, we investigate the relationship between the energy depletion time
of the energy buffer D(Q
(i)
0 ) and the discharging rate µ
(i). Let fD(t;Q
(i)
0 ) denote the
probability density function of the energy depletion time. Based on the start up delay
analysis in [55], we have
fD(t;Q
(i)
0 ) = −
d
dt
∫ ∞
0
pQ(q, t)dq, (5.23)
where pQ(q, t) is the probability density function of the buffer energy storage Q(t) at time
t.
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In the following, we intend to obtain pQ(q, t), which is denoted as
pQ(q, t) = E[δ(q −Q(t))], (5.24)
where E[·] calculates the expectation of the input function.
During each transmission period, the energy buffer has a random input and a constant
rate output. Without loss of generality, suppose the arrival process during channel i’s
transmission is a random process with a general distribution. Thus, the temporal evolution
of the energy buffer during a small time interval ∆ can be described by
dQ(t) = Q(t+ ∆)−Q(t) = η(∆)− µ(i)∆, (5.25)
where η(∆) = N(t+ ∆)−N(t) denotes the the summation of energy charged during ∆.
The charging process with a general distribution can be approximated as a Wiener
process with a drift [56, 57]. The drift during channel i’s transmission is at rate λ(i). The
variance of the charging process ν(i) is determined by the Wiener process. In a Wiener
process, the increment within a time duration ∆ is normally distributed with zero mean
and a variance, which is linearly proportional to the time duration ∆ [58]. As a result, let
ν(i) = 2γ∆, where 2γ is a scaling factor determined by the specific charging technology.
The probability density function for η(∆) = x+ λ(i)∆ is given by
pη(x,∆) =
1√
4pi∆γ
e−(x−λ
(i)∆)2/(4∆γ). (5.26)
Since the analysis of probability density function with a constant drift rate is complex,
to facilitate analysis, we adopt the techniques in [59] to obtain pQ(q, t) through Fourier
transform. Let F{u(x)} denote the Fourier transform of a function u(x), we have
F{u(x)} := uˆξ =
∫ ∞
−∞
u(x)e−jξxdx, (5.27)
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where uˆξ is the transformed function, and ξ is the transform variable. The Fourier trans-
form of the probability density function is a characteristic function of the random variable.
Thus, the Fourier transform preserves all the random variable’s statistic information. This
feature guarantees the accuracy of our analysis.
Let pˆQξ (t) and pˆ
η
ξ(∆) denote the Fourier transform of p
Q(q, t) and pη(x,∆), respectively.
Perform Fourier transform on (5.25) and take ∆→ 0, we get
∂
∂t
pˆQξ (t) = µ
(i)F{ ∂
∂q
pQ(q, t)}+ pˆQξ (t)φξ, (5.28)
where
φξ = lim
∆→0
1
∆
[pˆηξ(∆)− 1]. (5.29)
To get pˆηξ(∆) in (5.29), we perform Fourier transform on the probability density function
pη(x,∆), which is given by (5.26), and obtain
pˆηξ(∆) = e
−γ∆ξ2e−jξλ
(i)
. (5.30)
Thus, φξ is given by
φξ = −γξ2 − jξλ(i). (5.31)
Based on the time derivative property of Fourier transform, (5.28) could be further
reformed as
∂
∂t
pˆQξ (t) = jξµ
(i)pˆQξ (t) + pˆ
Q
ξ (t)φξ
= (jξµ(i) + φξ)pˆ
Q
ξ (t). (5.32)
To solve this first order ordinary differential equation (5.32), we need to determine
initial values. The initial condition of (5.32) could be obtained at time t = 0. At time
t = 0, the energy buffer length is Q
(i)
0 , namely p
Q(q = Q
(i)
0 , 0) = 1. The Fourier transform
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of this condition is pˆQξ (0) = e
−jξQ(i)0 . With this initial condition and (5.31), the solution
to (5.32) can be obtained as
pˆQξ (t) = e
−jξQ(i)0 e(jξ(µ
(i)−λ(i))−γξ2)t. (5.33)
Finally, pQ(q, t) can be obtained by performing the inverse Fourier transform on (5.33).
Replacing pQ(q, t) in (5.23), the probability density function of the energy depletion time
with initial buffer length Q
(i)
0 is given by
fD(t;Q
(i)
0 ) =
Q
(i)
0√
4γpit3
exp
{
−(Q
(i)
0 + (λ
(i) − µ(i))t)2
4γt
}
. (5.34)
5.3.2 Power Allocation Schemes
We have modeled the energy buffer and provided the probability density function of energy
depletion time in the previous subsection. Based on our theoretical analysis, in this sub-
section, we design power allocation schemes to maximize the transmission efficiency while
ensuring the network sustainability. Assume that the initial energy storage in the buffer
and the statistical parameters of the charging process can be estimated and are available
at the beginning of each transmission period. The BS can adjust the discharging rate by
choosing transmission power P
(i)
r during channel i’s transmission period. The objective
of our power allocation scheme is to maximize each individual channel’s transmission rate
while maintaining the sustainability of the network at a certain level. We still consider two
different network scenarios depending on whether users are able to adjust the transmission
power. In the first network scenario, both the BS and users can adjust transmission power.
Thus, our scheme can allocate power for both the BS and user to improve the transmission
efficiency. Then, we consider the case where users cannot adjust their transmission power
due to equipment constraints, which means that only the BS can choose various power
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levels for data transmission. In the following, we present the transmission power allocation
frameworks under both total power constraint and BS power constraint cases.
Power Allocation under Total Power Constraint
We first consider the situation that both the BS and users can adjust their transmission
power levels. In the proposed network scenario, since improving the transmission rate is
at the expense of consuming more transmission power, the communication network may
not be sustainable over time due to power depletion. To tackle this issue, our design
objective is to improve the transmission efficiency of each channel while maintaining the
whole network’s sustainability. Our proposed scheme allocates both BS transmission power
and user transmission power on a slot-by-slot basis.
At the beginning of channel i’s transmission period, the remaining energy in the buffer
is Q
(i)
0 . In order to maintain the network sustainability, the maximum transmission power
P
(i)∗
r for the BS on channel i is determined by numerically solving the following equation:
E[D(Q
(i)
0 )] = T + δ, (5.35)
where δ denotes a constant to guarantee the sustainability of green wireless networks. δ
is decided according to the tolerance level of the transmission or the available volume of
backup energy. If there is sufficient backup energy or the transmission has high tolerance
level, i.e., the network tolerates a high transmission latency like data transmission, δ can
be set to a small value. If the available volume of the backup energy is not enough and the
transmission does not tolerate a high transmission latency, such as voice/video, a large δ
is chosen.
Based on our analysis in Section 5.3.1, the expectation of the depletion time can be
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calculated by
E[D(Q
(i)
0 )] =
∫ ∞
0
Q
(i)
0√
4γpit
exp
{
−(Q
(i)
0 + (λ
(i) − (P (i)r + E0/T ))t)2
4γt
}
dt. (5.36)
Then, we can obtain the optimal Ps to maximize the transmission efficiency based on
the value of P
(i)∗
r . In the total power constraint case, the user is able to adjust its own
transmission power to cooperate with the BS to improve the transmission efficiency. Based
on (5.5) in Section 5.2.1, in the synchronous case, the optimal transmission power for the
user is given by
P (i)
∗
s =
|hsidi |2(|hsidi |2 + |hrdi |2) + |hrdi |2(|hsir|2 + |hrdi |2)
|hsidi |2(|hsir|2 − |hsidi |2)
P (i)
∗
r . (5.37)
In the asynchronous case, according to (5.8), the optimal user transmission power is
given by
P (i)
∗
s =
|hrdi |2
|hsir|2 − |hsidi |2
P (i)
∗
r . (5.38)
Power Allocation under BS Power Constraint
We further consider the case that users can not adjust their transmission power level due
to the device constraints. In this case, users transmit with fixed power while the BS adapts
its transmission power to meet our design objective.
According to (5.17), the maximum rate for the optimization problem (5.10) is achieved
when P
(i)
r = Pr if Pr <
|hsir|2−|hsidi |2
|hrdi |2
Ps, and P
(i)
r =
|hsir|2−|hsidi |2
|hrdi |2
Ps if Pr ≥ |hsir|
2−|hsidi |2
|hrdi |2
Ps.
Therefore, the power allocation scheme performs as follows: at the beginning of channel
i’s transmission period, based on the remaining buffer energy Q
(i)
0 , the BS first calculates
a transmission power P
(i)∗
r such that
E[D(Q
(i)
0 )] = T + δ, (5.39)
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which is the same as the first step of the power allocation scheme in the total power
constraint case.
Then, the BS compares P
(i)∗
r with min{Pr, |hsir|
2−|hsidi |2
|hrdi |2
Ps} and chooses the minimum
of the two values as the optimal transmission power.
5.4 Numerical Results
In this section, we provide some numerical results to evaluate our power allocation schemes.
We assume that all wireless channels are independent Rayleigh fading channels with path
loss where the path loss exponent α is 2. The distances between the source and the BS,
between the BS and the destination, and between the source to the destination are 75
meters, 80 meters and 150 meters, respectively.
Fig. 5.2 shows the rate comparison employing different power adaptation schemes.
Suppose P
(i)
r , the transmission rate at the BS for channel i, ranges from 10dB to 40dB.
For the total power constraint case, the source would adapt its own transmission power
based on the available BS’s transmission power. For the BS power constraint case, the
transmission power at the source is set to be 20dB. To illustrate the rate improvement,
we also set the capacity of the non-cooperative transmission as a baseline for comparison
where the user transmission power is 20dB.
It can be seen that the power adaptation schemes under the total power constraint can
achieve higher rate, which is at the expense of higher transmission power at the source.
Under the BS power constraint, the channel rate reaches a constant when P
(i)
r is large,
which is bounded by the limited transmission power at the source.
Secondly, we evaluate our proposed power allocation schemes considering the energy
buffer dynamics. The cumulative distribution function (CDF) of energy depletion time
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Figure 5.2: Rate comparison for a single-user channel.
is shown in Fig. 5.3 and Fig. 5.4 where Fig. 5.3 illustrates the change with initial buffer
storage and Fig. 5.4 depicts the change with discharging rate.
It can be seen from Fig. 5.3 that the CDF curve of the energy depletion time shifts
right as the initial buffer energy Q
(i)
0 grows, which means that the BS is more likely to
provide energy output for longer time if Q
(i)
0 is large. As shown in Fig. 5.4, the CDF curve
shifts left as the discharging rate µ(i) grows, which means that the BS is more likely to
deplete its energy soon when the discharging rate increases.
The depletion time expectation E[D(Q
(i)
0 )] of the green energy buffer model shown in
Subsection 5.3.1 is depicted in Fig 5.5. The charging rate λ(i) is set to be 3.5. It can be
seen that E[D(Q
(i)
0 )] decreases with depletion rate µ
(i) and increases with the initial energy
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Figure 5.3: CDF of energy depletion time. λ(i) = 3.5, µ(i) = 5.5.
storage Q
(i)
0 for both analytical results and simulation results.
Fig. 5.6 and Fig. 5.7 evaluate our proposed power allocation schemes in a practical
network containing 20 consecutive transmissions. Each transmission period contains 100
time units. The renewable energy charging rate at the BS during each transmission period is
random and time-variant. Suppose that the energy charging rate can be forecasted based
on some historical data, e.g. data from the previous day or year. To demonstrate the
energy efficiency of our proposed schemes, we compare with a max-sustainability scheme
where P
(i)
r =
Q
(i)
0 −E0
T
in total power constraint case and P
(i)
r = min{Q
(i)
0 −E0
T
, P
(i)∗
r } in BS
power constraint case. We calculate both the energy depletion probability and the average
transmission rate of all channels according to the reference max-sustainability scheme and
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Figure 5.4: CDF of energy depletion time. Q
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0 = 10, λ
(i) = 3.5.
our proposed power allocation schemes in Subsection 5.3.2. The comparison in the total
power constraint case is shown in Fig. 5.6 and the result in the BS power constraint case
is shown in Fig. 5.7.
It can be observed that our proposed power allocation schemes can improve the average
transmission rate by about 36% in the total power constraint case and 16% in the BS power
constraint case. The reason is that our schemes exploit the dynamic charging process of the
renewable energy to improve the energy efficiency. Compared with the max-sustainability
power allocation scheme which has zero energy depletion probability, our proposed method
is associated with very low depletion probability.
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Figure 5.5: Expectation of depletion duration (λ(i) = 3.5).
5.5 Summary
In this chapter, we have proposed several power allocation schemes to maximize the
throughput while maintaining the network sustainability in a device-to-device commu-
nication underlaying green cellular network. The results should shed some light on the
green wireless network design with energy efficiency and energy sustainability as critical
design criteria.
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Figure 5.6: Total power constraint case (channel number=20).
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108
Chapter 6
Conclusion and Future Work
In this chapter, we mainly summarize the contributions of this work and propose future
research plans.
6.1 Conclusion
As the future-generation wireless cellular networks feature high data rate communica-
tion and reduced operational cost, improving the network spectrum efficiency becomes a
prominent research issue in cellular networks. In this dissertation, we explore the potential
benefits of introducing cooperative relaying in cellular networks and study efficient resource
allocation schemes in cooperative cellular networks to enhance the utilization of network
resources.
To improve the spectrum efficiency, we first study the resource allocation in LTE-
Advanced cellular networks with the deployment of relay stations, from both downlink
OFDM and uplink SC-FDMA perspectives. The dedicated relay stations adopt the decode-
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and-forward protocol to better exploit the broadcast nature of wireless signals. In the
downlink OFDM system, joint efficient subcarrier and power allocation schemes are pro-
posed for overall throughput maximization problem and user fairness maximization prob-
lem separately. In the uplink SC-FDMA system, the achievable rate is derived based on the
superposition coding. Then, we propose the optimal power allocation schemes to improve
the system throughput.
As energy consumption of base stations occupies a significant portion of operational
cost in cellular networks, future-generation cellular networks are expected to make use
of eco-friendly energy sources at the base station and opportunistic transmission to re-
duce the cost. Therefore, we further consider the resource allocation in a device-to-device
communication underlaying cellular network where the base station is powered by green
energy and capable of cooperative relaying. Efficient power adaptation schemes are pro-
posed to enhance both sustainability and efficiency taking the dynamics of the charging
and discharging processes into consideration.
6.2 Future Work
In this dissertation, we mainly focus on the resource allocation for cooperative relaying in
the cellular network. Along this path, there are several research directions towards a more
spectrum and energy efficient cellular networks as listed below.
6.2.1 Joint Resource Allocation and Relay Station Deployment
As introducing relay stations can significantly extend the coverage and improve the trans-
mission rate in cellular networks, a natural question arises: where should the relay stations
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be placed? The placement problem is a critical issue for network planning and deployment,
which has direct impacts on the subsequent QoS provisioning, especially the date rate and
transmission delay. In Chapter 3, we have considered the resource allocation in the down-
link OFDM system, which depends on the channel state information of all users. In the
future, the research work is to combine resource allocation design and the relay station
location planning by taking into consideration the location impact on the channel state
information. The objective is to achieve a joint design to further improve the spectrum
efficiency of all users in the cellular network.
6.2.2 Resource Allocation in Cellular Networks with Multiple
RSs Cooperation
In Chapter 3 and Chapter 4, we consider that a single RS is deployed in each sector and
there is no cooperation among adjacent RSs. In the cellular network, each UE is served
by at most one relay station to simplify the network scenario. In practical networks, if a
UE is located near the sector edge, it might be within the coverage of two adjacent relay
stations. This channel can be modeled as a source transmitting to the destination via
the help of two parallel relays. Whether this channel can achieve larger transmission rate
than single-relay channel and how to allocate resources at the two relays might be a future
research direction.
6.2.3 Resource Allocation with Imperfect CSI
In this dissertation, we consider that the channel state information can be accurately esti-
mated at the destination. Based on the perfect CSI, we propose resource allocation schemes
which depends on the channel coefficients. In practical cellular networks, the channel state
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information is obtained through a feedback channel. However, the perfect CSI assump-
tion is unrealizable, due to bandwidth constraints on the feedback channel as well as the
considerable communication overhead cost involved with fast changing wireless environ-
ment. Therefore, limited feedback is a practical option that provides quantized CSI at the
transmitter. The major drawback of limited feedback is that it suffers from performance
degradation due to feedback delay and quantization error. The effect of feedback delay
and quantization error on the achievable rate as well as the resource allocation is also a
future topic.
6.2.4 Resource Allocation for CoMP Transmission in Coopera-
tive Cellular Networks
The coordinated multipoint transmission (CoMP) is expected to be employed in future-
generation cellular networks to utilize the resources more effectively, to enhance the overall
system performance, and to improve the end user service quality. CoMP requires dynamic
coordination between adjacent eNBs to provide joint scheduling and transmissions as well
as joint processing of the received signals. In this way a UE at the edge of a cell is able to
be served by two or more eNBs to improve signals reception and transmission and increase
the throughput. With the deployment of relay stations, each UE at the cell edge might
receive signals from several eNBs and RSs. An efficient design and resource allocation to
utilize these signals to achieve both the CoMP transmission cooperation gain and relay
channel cooperation gain is necessary.
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